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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL MEMORANDUM.NO. 1042

THEORETICAL DETERMINATION OF AXIAL FAN PERFORMANCE®
By E. Struve

" The report presents a method for the computation of
axial fan characteristics, The method is based on the
assumption that the law of constancy of the circulation
along the blade holds, approximately, for all fan conditions
for which the blade elements operate .at normal angles of
attack (up to the stalling angles), Pressure head coeffi~
cient K, and power coefficient ¥, for the force compo-
nents in the axial and tangential directions, respectively,
and analogous to the 1lift and drag coefficivrts ¢ and
C are conveniently introdvced, Comprrison of the ex-

bd
pressions

H / Cd\
I = c.ta = —
' R Y
2 hi
H =X w

a P m 2pr

with the expresgsion
B = a+ B

‘enables the determination of all magnitudes characterizing

the blzde element performance ~nd the performance of the
fan as a whole, the value of ¢y Dbeing given,

The report can bBe divided into five parts:

l. ZExposition of the Dblnde element theory bascd on
the genceral laws of mechanics and on tne funldamental coeffi-

‘cients of experimental aerodynamics, respectively.

2e Discussion of the physlcal basis of t%e Phenomena
in fan operation and éenerallzatlon to different operating
conditions. - '

WReport No. 295, of the Central Aero-Hydrodynamical Insti-
tute, Moscow, 19¢7.
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3, IExplanation of the new modification of axial fan
computation, whereby use is made of the pressure and power
coefficients.

4, Method 6% determination of axial fan performance.

5., Comparison of theoretical with experimental results
and discussion of several conclusions drawn therefrom,

Comparison with experiment shows chat the method pre=~
sented permits construction of that portion of the axial fan
characteristic lying within the range of maximum efficiency
with an accuracy sufficient for practical purposes. There
is brought out the need for further detailed study of an
airfoil situated in a flow having a rotational component
and of the mutual, interference of the blades of a cascade
in order to obtain further accuracy in the method described,
In this connection a method is outlined for obtaining the
aerodynamic characteristics of the airfoil from the fan
characteristicse. An approximate method for plotting the fan
characteristics, that does not involve much computation work
and may be used for tentative computation, is also presented,

I, BLAD® ELEMENT THEORY OF AN AXTIAL FAN

1. General Considerations

The blade element theory is based on the assumption
that each element works independently of its neighboring
elements with the reservation, however, that this independ-
ence is possible, provided that certain conditions are observed.
We shall see below, in considering the physical basis of axial
fan operztion, that the work of the individual blade elements
is associated with general laws, the most important of which
is that of the constancy of the circulation for all elements,
For this reason, in speaking here of the independent action
of the individual elements, we understand the following,
The aerodynamic forces arising at a given element are entirely
determined by the direction and magnitude of the flow velocity
at the element, these forces being assumed identical with the
forces arising at a'wing element (with the same profile), hav-
ing an infinite span and situated in a plane parallel flow.
On this assumption is based the possibility in the fan come=
putation of making use of the aerodynamic airfoil character~
istics obtained in wind tunnel tests. '

The above-mentioned possibility of cdnsidering the blade
elements as working independently of each other enables us to



NACA Technical Memorandum No, 1042 3

determine the discharge Qgl1s pressure head developed
Hey and reéquired power N, 3 of each elemeng., }

In analyzing the work of each .blade element we shall
make use of the generally familiar method of considering a
cascade of blades., The mean cylindrical surface -defining
a blade element™® is developed into a plane, the flow pattern
remaining unchargeds The sections of the fan blades, which
actually lie on a cylindrical surface, will then lie success~
ively in a plane.

Figure 2 shows the construction of a blade cascade
for various radii and clearly brings out the increase in
blade thickness and blade angle with decreasing distance
from the hub, as is typical of the characterigtic of the
CAHI type fan. The velocity vector diagrams are alsoc given,
the letter w denoting the velocity relative to the given
blade section, wu the peripheral velocity, and ¢ the
absolute velocity,

Figure 3 shows an example of the flow through a blade
cascade. We may note ths following characteristics:

l. In passing through the cascade the lines of flow are
deformed and become straight again only at a certain distance
behind the cascade,

2. Ahead of the cascade the lines of flow. are not curved
since there are no forces which could dbring. about their curva-
ture, In other words the direction of the absolute velocity
at the inlet to the blade cascade coincides with the axial
direction so that c¢c = cg.

3e By the action of the blade cascade the flow behind
the latter deviates from the direction it had at the entrance,
As a result the direction of the absolute velocity behind the
cascade cannot coincide with the axial direction and a rotae-
tional component of the absolute velocity appears, the so-
called velocity of twist c o We may also note that the de-
viation of the flow behind the cascade results also in a
decrease in the magnitude of the rulative flow veclocity.

®A blade clement is determined by two bounding cylindrical
surfaces as shown in fig. l. If the width b of the element
is known, however,; then the element is entirely determined by
any cylindrical surface intersecting the element, For this
surfacce we shall choose the cylindrical surfacc dividing the
area swept by the element into two cqual parts.
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Having noted the flow characteristics through the blade
cascade, we now proceed to the determination of guantitative
relations for the blade element. These relations may be
found by two methods:

l. By the general theory of mechanics;

2. By the basic experimental aerodynamic coefficients
Cy and OCx characterizing the given airfoil section.

2, Computation of Blade Element from

General Mechanical Theory

The blade element of a fan is computed by considering
the relative flow and applying the general theorems of
mechanics, in particular the equation of Rernoulli, all of
which are assumed as proven. .

In considering the question of the origin of aerodynamic
foreces on the blade cascade, the answer will be found by re-
calling the above—enumerated properties of the flow through
the cascade. The aerodynamic forces on the blades arise as
a result of the change in momentum of the flow through the
cascade (relative velocity decreases) simultaneously with
the change in pressure (a drop in the relative velocity is
followed, according to the Bernoullil equation, by an increase
in pressure). We may note that if in an analogous manner we
consider the absolute velocity we would observe that the
moment imparted to the element produces a change in the flow
momentum and simultaneously a rise in the pressure.

Applying the momentum equation* and the equation of
Bernoulli we may establish the quantitative relations hold-
ing for each blade element., We make only the following
reservation: namely, that the friction is neglected in de-
riving these relations. The effect of friction is relatively
small and we shall take account of it by introducing special
corrections., (These relations are derived from Prandtl.)

In the flow region about the blades let us consider the
zone of action of one blade (fig. 4). The boundaries of this

*The law which we have in mind states: the change in momentum
of the mass flowing through per second is equal to the resultan
of all applied forces. )
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zone will serve as control surface for the application of

* the above-mentioned -theorems of- mechanics. The boundaries

evidently can be taken as lines of flow and straight lines
parallel to the direction of the peripheral velocity; thnsa
lines will be taken far enough removed from the cascade tuat
the lines of flow may be considered parallel, There is no
obvious flow across the zone boundaries constituted by the
lines of flow, as the pressures at the corresponding poiats
of these boundaries are equal, so that these boundaries may
be excluded from consideration.

It thus remains to condider the change in momentum
per second of the mass flowing across the boundaries of the
control zone parallel to the direction of motion of the cas=
cade., Since we are interested in the projections of the
aerodynamic forces along the tangential and axial directions,
respectively, we shall consider the caaunge 12 momentum in
these directions. In the axial dircction there is obdviously
no change in momentum in passineg through the cascade, since
the axial velocity of tihne air throuch the cascade does not
vary, because of the coastant discnarge through the cascade,
There thus remains to consider the change in momentum in
the tangential direction. '

The momentum at the entrance is equal to the product
of the velocity u by erec where Qgge is the volume
of air flowing through per second. Substituting for Qgees
the product of the axial velocity by the cross—sectional '‘area
perpendicular to the axial direction, we obtain for the
momentum, at the entrance, the expression

"

uc,_p dr (1)

where u is the peripheral (or tanzential) velocity, ¢

the axial velocity, p the deasity of air, 2nr/i the
distance between the blades of tha cascade, since 1r " is the
radius of the cross section considared, and i the number of
blades; dr is the width of the blrde slement and hence the
thickness of the flowing layer of the modiwum. At the exit

of the cascade it is necessary, in the cipression for the
momentum, to substitute the differerce between the peripharal
velocity‘and the component oFf the ~bsolute velocity ¢ along
this dircection, that is, the vblocity of flow rotation
Hence the momentum ~at the exit is edual to the product

a

Cu.
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(u-cy) cap zzrdr (2)

The increase in the momentum in the direction considered
is equal to the force denoted in figure 5 by X. For the
latter we thus obtain the expression

2nr 2Tr
X =ucyp : dr - (u- Cu)‘cap dr
which simplifies to
2T ey l '
X = =—% p c,dr (3)
i

The quantity 2mrcy/i is the circulation® Pi about one

blade of the cascade. This can rcadily be seen if the circu-
lation is taken around the countour formed by the boundaries
of the control zone, The parts of the contour which are
constituted by the lines of flow may be cxcluded from con-
sideration since the velocities at corresponding points are
equal and the circulation abrut these lines are equal in
magnitude and opposite in direction., The circulation along
the remaining parallel lines will be equal to

2mr ) 2 mr 2 m re
'y = u - - (u=~cy) n = " 2 (4)

The above equation brings out the physical meaning of
circuletion; namely, that it is a mcasure of the rotation
of the flow behind a blade element.

Making use of the cdoncept of circuletion the formula
for the force X may be written as

X = pTlje,dr (5)

We shall now proceed to the determination of the other
component of the resultant force at the bladej namely, the
force Y directed along the axis. As we have seen, the
momentum ahecad of and,K behind the cascade remains constant

¥Phe circulation is the 1limit of the sum of elements vadl
where 4% 1s the length of an element along which the velocity
v may be considered constant,
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in the axial direction. The force Y 1is therefore given

by the difference .in..pressures.ahead of and behind the cas~-

cade, Applying the equation of Bernoulli the following
equation may be written for the total pressures at the correc-
sponding points:

2 . wzg
= Pp + p p (6)

2

The difference in pressures ahead of and behind the
cascade givaes the pressure head produced by an element.

Hey = % (w1? = wp?) (7)

Substituting for w.® and w,®. ih the above formula,

their values from the velocity diagrams at the inlet and
outlet, we obtain

_ P 2 2 - 2 _
H, = 5 [u® + ¢, ® - (u=rcy,) caej
or
H, = p ¢y (u - cy/2) (8)
From the pressure head H the force Y can readily

be found by multiplying by the area 2mrdr/i over which the
pressure acts. We thus  obtain

. 2 T r dr c \
— 0
Y = p — i. Cy (11" 2 ) (9)

or, substituting the expression for the circulation,
. N
Y=pT,(u--2 ar 1
o7y (w52 (10)

Formulas (5) and (10), which give the relation between
the velocity components of the flow and the aerodynamic force
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components, permit us to establish also-the quantitative
relation between the resultant velocity w,, the resultant
force P, and also the direction of the latter. In formulas

(5) and (10) there enter the axial velocity ¢, and the tan-

gential component u - cu/z. It is, therefore, natural to
consider, as is shown in figure 6, the rectangle formed by
these velocities and the rectangle of the forces X and Y,
superposing for convenience the application point of the
forces on the point from which the velocity components are
drawn, These rectangles are similar since the proportion-
ality of the sides follow from formulas (5) and (10), the
corresponding sides being X and Oy and u = cu/2. From
the similarity of the rectangles it may be showh that the
diagonals are mutually perpendicular and have the same coeffi-
cient of proportionality so that

P = p Piwm dr - (11)
r .

The velocity w, characterises the direction of the
approach of the flow toward the blades of the cascade. The
angle formed by this velocity with the direction of the pe=
ripheral velocity is, therefore, denoted as the effective
pitch angle B. Since the force P 1is perpendicular to the
direction of the flow,we may denote it as the lift force.
The relation (11) may now be formulated as follows: The
1ift force at a blade of the cascade is perpendicular to the
relative velocity . wp and 1s numerically equal to the pro-

duct of the air density p, the circulation Fi about the

blade, the relative velocity wp, and the width dr of the
bhlade element., The well-known Joukowsky theorem on the air-
foil 1ift hes been applied hers.

We shall complete our review of the performance of the
blade element by determining the power that is necessary to
impart to the element in order +to obtain from it the required
pressure head for a given volume of air delivered. The power,
as is known, is obtained by taking the product of the acting
force by the velocity of displacement of the point of appli-
cation. of the force. In our case, evidently, it is necess-
ary to take the product of the force of magnitude X which
‘defines the resistance to the motion of the blade element by
the velocity of motion of the element w = rw, Denoting the
required power by N, and making use of expression (3), we
obtain
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2m rey

Ngi = T pcadr u T (12)

where the magnitude andr/i represents, as 1is clearly

seen from figure 4, the cross-sectional area of the flow,
limited by the action zone of one blade of the cascade;

2nrdr being the area of a ring of width dr (fig. 1)

through which the flow at the given section passes and
2nrdr/i the portion of the ring arca corresponding to one
blade., Hence the product of this portion of the riang ares

by the axial velocity gives the volume of air flowing through
per second

y: d
= 2Tr r o (13)

Substituting the value of Qi in exprecssioa (12) the latter
may be written in the following final form

Ne1 = p Qicy® (14)

The same formula might have been arrived at in snother
manner, by making use of the theorcem on the mnment of momentum
and determining the power as the mroduct of this moment by
the angular velocity

Wy = Mgy ® ' (15)

To compute the moment Mg1y» we form an expression for
the increase in momentum in the tangential direction. This
increase will be equal to the product to the mass pR; by

the velocity of twist c¢u3 Thence
Mgl = p QicyT l (16)
and

Ne1 = 9 QicuyT W = p Qe

that is, the same as expression (1l4),
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FPinally the power developed by a blade element may be
determined as the product of the maximum theoretical pres-
sure head ch by the discharge per second Q3

Ne1 = Hyn 9 (17)
Comparing the above with expression (14), we obtain
Hyy = P Cyuu (18)

We may note that this expression for the maximum
theoretical pressure head also arrived at by application
of the HEuler theorem which, as is known, is of ygeneral
application.

We have seen, however, that the pressure produced by
a blade element is -

. c
He1 = pPCy < - Zf _ (8)

thus it 1s evident that the pressure produced by an elemont
of the fan blade is less than the maxinpum possible theoretical
pressure, The quastion naturally arisces as to what causcs
this loss in pressurce and whether the loss is recoverablo,
The answer to this question lics at the very basis of the
phenomenon, The imparting of power from the fan to the air
and, as a consequence, the production of pressure is impos~
sible, as we have seen, without the introduction of a twist
component of the absolute velocity at the exit of ‘the 'blade
cascade, which component we denoted by Crye The magnitude
of the pressure head loss AHy 1is obtained from the dif-
ference

Cu\

AH = H - H = c.,,u - c - —
rot th P Cxu P Cxu ( > /

and 1s equal to

AHrot = p 2B (19)
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BEquation (19) bdbrings out ‘the physical meaning of the loss

>+ under cons ideration -and shows that this loss is recoverable.

The proceas of producing a pressure difference in the blade
cascade is acocompanied by the formation of a potentlal pres-~
sure source in the form of a dynamic pressure head pcu2/z

corresponding to the twist component, By arranging blades
of special construction (guide vanes), behind the cascade,
it is possible, in general, to reconvert the dynamic head
of the rotational component into a useful head. In the
casce of absence of such vanes not all the power imparted to
the fan is converted into uscful power, There then arises
the need for introducing the efficiency of the twist Nyge
The expression for the twist efficiency mavy be obtained as
follows, In the presence of twist the pressure produced by
an element of the blade, as we have found befors, is equal
to

H=p°u<u-—f) (8)

The maximum theoretically possible pressure is equal to
H = p Ccjuu (18)

The efficiency 1s naturally equal to the ratio between
ths two

e (%)

P Cy B

- oAy T
which reduces to

Ny = —— (20)

which enters into the zeneral formula for the efficiency of
a blade element,

With this we may conclude the review of the relations
which we have derived from general mechanical theory for the
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computation of a blade element., We may remark again that
all of these relations have been derived with the effect of
friction neglected. We shall return to the question of the
effect of friction in paragraph 4.

3, Computation of the Fan Blade Element with the Aid of

the Coefficients of Experimental Ae?odynamics

In moving through a viscous ligquid the blade experi-
ences a drag as well as a 1ift force. Thus, as shown in
figure 7, the resultant of the aerodynamic forces deviates
somewhat from the direction perpendicular to that of the
velocity of approach., Experimental aerodynamics provides,
as 1s known, methods for experimentally determining the
forces arising at the wing, the resultant force R not
being directly, but indirectly, destcrmined by its 1lift and
drag components, P and L, respectively.

In order to be able %0 compare the aerodynamic forces
for wings of various shapes and dimensions, experimental
aerodynamics makes use of nondimensional coefficients; namely,
the 1ift and drag coefficients Cy and Cy. We may note
here that these coefficients are differently denoted in the
literature of the different souarces. To avoid confusion we
shall denote the coefficients defined by the new method by
Cxnew and Cynew’ respectivelys The formulas for passing

from one notation to the other are

oy
% = Ta00 (21)

c
C. = X new (22
x 200 )

By means of the coefficients Cy and Cy the force

components arising at the wing in the direction of approach
and at right angles to it can be computed. The drag and
1lift forces are, respectively

L = Cx py° b} (23)
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P = Gy p,°bL - (24)

where 1 is the span and b the chord of the wing.

We see, however, that for the purpose of computing
the axial fan it is not these two components but rather
the components in the tangential and axial directions that
are of interest. It is natural to define nondimensional
coefficients analogous to the 1lift and drag coefficients by
means of which the components of the force along these
directions for a given profile for any dimension and at any
angle of attack can be found. We have denoted the coeffi-
cient by which the axial component is obtained as the pres-
sure head coefficient K, and the coefficient by which
the rotational component is obtained as the power coeffi-

cient Ky. Since the coefficients Gy, Oy, X, and X,

are proportional to the corresponding forces P, L, RYH

and Ry we may find the relations between these coeffi-
cients by considering the projcetioans of the forces in the
axial and tesngential dircetions nnd denoting the corres—
ponding coefficicnts by the subscripts a and wu, respect-
ively., Considering figure 8 and remembering that the pro-
jection of the resultant is cqunl to the algebraic sum of
the projsctions of the components and dropping the magni-
tude pyu2bl entering as a common factor in all expressions,
we may write at once :

Remémbering that £ BOC andgﬁ_DOE are equal to the
angle B we obtain

C

cos 8

cya y

Cx

3

Cx sin B
and hence the pressure head coefficient

K, = C_ cos B - C.

a 5 ¢ Sin B (25)
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By analogous considerations we determine the power
coefficient Using the subscript wu +to denote the
‘projection in %he tangential direction we find

= +
Ky, C:>Tu Gxu
or
K, = cy sin B + C_ cos B (26)
The values of X, and Ku‘ evideatly depend on two factorss

namely, the angle of attack and the effective pitch angle,
Since we have seen that the effective pitch angle for an
axial fan varies wvagry much with the radius of the element
considcred it is of advantage, before proceeding to the
computation, to construct graphs of the prassure and power
coefficients for the requircd range of angles. Such graphs
are given in appendix I for the three basic profile scctions
used in the construciion of the axial fans of the CAHI type.
These profiles are the following:

le A seriess of Eaglish propeller profiles of various
thickness suitod for cast metal construetion or for hollow
blades fastened or welded of two halves with inside re-
inforcing rod

2. Metal curved blades suitable for sheet metal con-
struction:

3. Symmetrical profils suitable for reversible fans

In order not to encumber the text unduly we prcsent
a sample graph of the K, and Ky coefficients for the .
English propeller profile section of relative thickness 8,
that is, ratio of maximum thicknessto profile chord equal
to 0.,1l. The and K, curves given in figures 9 and 10
represent a famlTJ of curves analogzous to the 1ift curves.
The curves are plotted against the angle of attack o with
the piteh angle B as parameter.

In analogy with the efficiency of an airfoil (Cy/Cy,
the ratio Ka/Ku may be denoted as the efficiency of a fan

blade element. It should be noted, however, that the fan
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blade efficiency does not completely characterize the
economy of the ffan-and enters, .as we shall see below, as
one of the factors of the so~called profile efficiency

of the fan.,. The ratio Ka/Ku is a measurc rather of the
pressure developable by a fan blade. Figure 11 gives a
family of curvesl)=1@JKu of a blade element as a function

of the angle of attack for the same English propeller pro-
file section with relative thickness § = O.1.

With the aid of the coefficients X, and K, the

pressure and power of a blade elemsnt.of the fan ars read-
ily determined. The thrust of a blade element or the
reaction force equal in magnitude and opposite in direction
is expressed by the product K, pwmzb dr .. where Db 1is

the chord of the blade element, dr its widti, Dividing
this product by the area of the ring over which the element
acts, equal to 2mrdr, we obtain the pressure produced by
the elemsent

Hop = —&2 (27)

Similary the force resisting the rotation of the elemecnt is
given by the product ’

2
Ku o W b dr

and the corresponding rotational moment by

2
Kyo w ° b r dr

Hence the power, which it is necessary to supply to rotate
the element, is equal to

No; = Ey p wp® r @ dr

where ® denotes the angular velocity of the element.,
Remembering that rw is equal to u - the preripheral
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velocity of the element -~ the formula for obtaining the
power of the blade element may be written as follows:

el = Ky p wp® u b dr (28)

=

To the pressure and power formulas there should be
added the formula for the discharge for each blade element,
From the velocity polygon (fig. 2) it is clear that the
axial velocity is

( 3211- tan B (29)

and hence the discharge

Qep = 2mrey, dr = 2mr <u - %?) tan B dr (30)

The introduction of the pressure and power coefficients

K, and X, very much simplifiecs the analysis of the theo-

retical fan efficiency. To obtain this efficiency, we make
use of the well-known gencral formula for the fan efficiency

N == (31)

where Q 1s expresscd in cubic maeters per sscond, E in
millimotaors of water or kilogram per squarce meter, N in
kilogram-mcters por sccond, Substituting in the above
formula the values of the discharge, pressurs, and power
for the blads eslcment from rolations (27), (28), and (30),
we obtain

b
2mr\u »-——/ tan B Ar Kgp Wy 5 —

Me1
K,pw ® u b dr
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and simplifying

X 2 .
Ngy = == tan g ——— (22)
Ky ,

where the ratio (u - cu/2)/u denotes, as we-have seen,
the flow twist efficiency. The expression

oz (53)

maybe denoted as the profile efficiency of the fan blade
element.

We conclude our consideration of the computation
formulas for the fan blade clewent thot were obtained with
the aid of the fundamental experimental coefficients and
proceed to compare these formulae with those obtained on
the basis of the general theorems of mechanics,

4, Comparison of Computotion Formulas
for ths Blade Zlement

As already pointed out th: fundamental difference
between the formulas obtained from the gencral theorcms
of mechanics and those derived on the basis of experimental
coefficients consistes in the fact that in the former, the
factor of friction 1is not taken into account. The presence
of friction gives rise to additional rotation of the flow
behind the blade element. The qucostion arisces whether it
is possible to take the offecct of friction into account
by simply substituting a lerger value for ¢ in the form-
ulas derived on the basis of the gcenceral theorems of mech-
anics, We shall answer this qucstion in detail for cach
of the magnitudes considcrady namecly, the power, air dis-~
charge and prcssure.

By the vegy method of derivation of the formula for
the power it is clear that such a substitution is entirely
Justified. The expression for the power was obtained from
the momentum imparted per second to the rotating flow. It
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is obvious that in this expression for the momentum it is
necessary to substitute a greater value of the rotational
velocity ¢y which occurs with the presence of friction,
Thus the formula

Nei = P Qicyu (14)

may also be applied in the case of friction. ,

It is obvious that the formula for the volume flow

Q1 = (u —-%?) tan B Fring (34)

remaiaus true also for the case of friction since the flow
direction is detarmined by the actual value of ¢y The
case is otherwise with the pressure head. As in the ideal
case and also in the poraescnce of ‘riction the prassure re-
mains proportional to the product )

put

since the friction evidently lcads to a loss in pressure
heads On account of the above proportionality we may set

c
Hel = Kfp P Cy (u - Ef) (35)

It is not difficult to see that the factor Xfp defines
the profile efficiency of the blade element

Kfr = npr . (36)
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If in the ideal frictionless fluid the same rotational
‘'velooity ¢ .at a.given angle of attack were produced,
as in the case of friction, then for the same discharge
the pressure produced by the fan would be

, oo
H=p cy (F,— E?y

fince the values of the discharge and power would be equal
to the values obtained in the case of friction the profile
'efficiency of the fan would be given by thc ratio of pres-
suresy that is,

e
KfI‘ P C'U. u - -'2—-/
= (37)

ey (u - %)
P "u K 2 /

Mpr

It is thus clear that Kg, = Tpr* The formula for the
coaputation of the pressure may then be written as follows:

AN

H=mpp p oy \® = ) (38)

A somewhat different method for arriving at the cor-
rection for the effect of friction is that given by XK.
Ushakov {(reference l.) His method is essentially the
followinge Assume at our disposal an ideal smooth pro=’
file geometrically identical with the given real profile
and let the former develop.the same 1ift which the real.
element would develop. The pressure head Hyjq developed
by the ideal profile will be somewhat greater than H
developed by the real airfoil on account of the presence
of friction. Denoting the correction coefficient by Kpr

we may write

Hig = HKPr‘ ' (39)

The magnitude of the rotational component c“id correspond-
ing to the ideal case (and hencde also the value of the cir-
culation DI34) may be found from the relation
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' s Cu iq .
: " Hig = P Cuigq <u - ——5—%> . (40)
With the circulation Pid known, the width b of the

element for the real -profile section can be readily com~-
puted. Comparing the expression for the 1lift for the ideal
and real profiles we shall have

P=p rid wy dr J" (41)

B = Cy P wm2 b dr (42)

'Equating the right sides of the two equations we obtain

Fid'= Cy b owy (43)
whence
T.
b = _id (44)
Cy Wi

It is of interest to compare the two methods of ine
troducing the corrections for the computation of the effect
of friction and to show that both lead to identical results.
We shall make this comparison by analyzing the force diagram
for a blade element (fig. 12), For simplicity we shall
denote the forces by the coefficients corresponding to them
since, as-we have already shown, the ratios of the forces
are proportional to the ratios of the coefficients.

According to the first method, that is, assuming that
in the ideal case the same rotational component cy 1is
produced as in the case-of friction, we must assume that in
the ideal case the prdjection of C ., in the tangential
direction is Vid

K... = K_ . » (45)
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This condition can be satisfie& only for the case that the
s&gient ’?B'=ﬂcyidf The segment AB = K;3 will then
evlidently correspond %o the pressure which would be ob=-
tained in the ideal case, The actual pressure, however,

is that determined by the coefficlent Kq. Hence the ratio

X /Kaij. determines the profile efficlency of the fan blade

‘element.

pr (46)

But K, ;4 = Ky cot B (fige 12), hence

K?
n =
' br K, cot g
or
K’i
= —= frn ) 33
My X, B (33)

Thus we have directly arrived at the same expression for

the profile efficiency of a blade element as would have been
obtained starting from the general formula for the efficiency
of the blade element. -

According to the second method based on the fact that
the effect of the friction is to give rise.to the vector Oy
the efficiency of the blade slement is impaired both on
account of the loss in pressure and chiefly on account of the
increase in power, From this point of view the ideally pos-~
sible pressure is given by the magnitude of the segment MY
equal to Cy cos B and the required power for the case of
absence of friction by the segment ON = Cy sin B, the pro-
file efficiency then being egual to one., With friction pres-
ent the pressure is detcrmined by the magnitude K, and the
power by K¥,. Hence, due.to the drop in pressure, the effi-
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ciency varies in the ratio Xx/Cy cos B,* and due to the
increase in power in the ratio Cy sin B/Ku. Thus the

profile efficiency, which in the absence of friction is
equal to unity, will in the presence of friection be equal to

X C, sin g
= 1 = L (47)
Mpr Cy cos B Ky
or
X
= =2 tan 33
"pr T X, B (33)

so that we see that the second method leads to the same
result as the first.

We may note, from a consideration of the forces arising

at the blade element,that a coefficient K, can be com=-
u

puted which permits passing from the ideal rotational com-

ponent C, 34 %o the real component ¢, that takes friction

into account. The values of ¢, are proportional to the
powers and the latter are proportional to the projections
of the corresponding 1ift coefficients in the peripheral
direction., With this in mind it is ¢lear that

cu . K'L'L = X

Cy id - Cy sin 8 Cu

(49)

1t is not difficult to see that the reciprocal of this ratio
is the correction coefficient Xpre. Thus

1 1

Epr = - =T " . ten B (48)
Gy cos B
where
Cx
b o= E;

For good profile sections the value of KPr differs very
little from unity.
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u

Substituting for X its value in terms of Cy and Oy,
we have oo . - . - B - - -

Cy sin B + Cx cos B
K =
cu o

¥y sin B

whence, denoting by u the reciprocal of the wing effi-
ciency, we obtain

"
X = 1 4 — 50
cy van (50)

With the above, we conclude our considerations that
take account of the effect of friction on the performance
of the blade element of aa axial fan and procced to con-
sider the physical basis of the frn performance as a whole,

II, PEYSICAL BASIS OF FAN PSiRFORMANCE

1. General Observations

Qur object, in the present section, is to build up
a model which will provide us with a clear understanding of
the physlcal nature of the phenomena that occur during the
fan operation, neglecting for simplicity certain of their
details, The model will be obtained from a consideration
of the flow pattern at the fan inlet. We shall first, how-
ever, make a few general observations,

The first of these is in connsction with the history
of the problem. An axial fan of an improved type was first
constructed under the supervision of N. Jounkovskyas far back as
1913, This fan was designed by the vortex theory developed
by Joukovsky., Since that time the design of axial fans of
the CAHI type has not undergone any cssential modifications
until recently when certain corrections were introduced in
the physical considerations by ¥X. Ushakov (CAHI). We shall
follow the latter in our discussion,

The second obscervation, is in conncection with the fan
inlet conditions, One of the fundamental characteristics
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of axial fan operation is that the lines of floWw are
parallel to the fan axis at the inlet, When the fan
operates in a cylindrical casing the above condition is
observed only for smooth entrance - with the a2id of a
collector at the fan inlet, The following discussion
refers only to fans for which good inlet conditions are
assured. All the tested fans were correspondingly pro=
vided with collectors,

A very strong effect on the performance of the axial
fan is exerted by the clearance between the wheel and cas~
ings The presence of a clearance leads to a considerable
drop in the pressure produced by a fan, In view of the
fact, however, that up to the present no satisfactory
axial fan theory has been developed that takes clearance
into account the conclusions of the present paper will,
strietly speaking, apply to fans with negligibly small
clearances. Through the introduction, however, of a
corresponding empirical coefficient it will be possible
to take into aceount the loss in pressure and practically
apply the results of the present paper to the computation
of the fan characteristics with the clearance between the
wheel and casing taken into account,

2. Flow Pattern at Inlet to Fan

In considering the flow pattern at the inlet and later
at the outlet of the fan we shall be interested in the ve=
locity and pressure distributions., From a consideration
of the flow picture at the inlet to the fan (fig. 2) we find
that where the flow is not disturbed by the blades of the
cascade the lines of flow are parallel, The velocity vectors
at a certain distance ahead of the fan are parallel to the
fan axis since there are no forces that could bring about a
curvature of the 'lines of flow ahead of the fan, The pres-
ence of the blade cascade, as is shown in figure 3, disturbs
the parallelism of the lines of flow only at a very small
distance ahead of the cascade. We may thus state the first
physical characteristic of the axial fan performancej} namely,
that the flow ahead of the fan has no rotation.

On Tfigure 2 arc dravan, for all cross-~ssctions under con-
siderations, the wvelocity parallelograms at the cntrance to
the blade cascade. At all these parallelograms, owing to the
fact that the flow ahead of the fan has no curvature, the
axial components ¢, of the relative entrance velocities
are the same for all sectiongs. The relative velocities w
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themselves for all blade elements are different, however,
.8ince the components of these velocities in the tangential
direction vary. It is clear from figure 2 that the relative
velocity increases as the blade periphery is approached
because of the increase in the rotational component. This
fact constitutes the second characteristic of the performance
of an axial fan, Bince the flow ahead of the fan is not
curved, the static pressurée remains constant for all sections,
which fact constitutes a third characteristic of axial fan
performance.

3. FPlow Pattern at Fan Qutlet

From the consideration of the performance of each blade
element of the axial fan we have scen that the transfer of
power from the blade elcment to the f2ir is not possidle with-
out imparting a rotational component to the air behind the
element. The rotational component ¢, for each blade element
is directed along the dircctior. of motion of the cascade and
hence is a vector tangent to the cylindrical surface formed
by a given element and simultoneously a toangent in the plane
perpendicular to the fan axis. It is thus clear that the
flow particles behind the fan possess in addition to a forward
velocity c, =& rotational velocity cy about the prolonged
axis of the fan. Due to inertia this rotational component
tends to be maintained indefinitely and vanishes in a real
fluid only because of the presence of friction, a fact which
constitutes a fourth characteristic of axial fan operation.

Again, in considering the operation of a blade element,
we have seen that the same blade section used for the con~-
struction of the blade element may produce a different
rotational component of the flow depending on the blade angle
at which it is set. Since each blade element produces its
own component c¢,; it is necessary to consider whether the
velocity distribution ¢y, for the various blade elements may
be arbitrary for the performance of the fan as a whole, cs—
pecially if it is desired that the flow enter the fan along
cylindrical surfaces coaxial with the fan.* Under what cone
i ditions this restriction in the twisted flow is observed will
become clear from a consideration of the forces that arise.

*We should note that only for this restriction ars the formulas
derived in the prcvious scetion for the blade element comwm
putation applicadle,

- T—
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In a2 flow with rotation, centrifugal forces. arise
under the action of which a cross flow may occur, from one
concentric layer to another (we assume layers of equal flow
discharge). This cross floy under the action of centrifugal
forces can occur only for a definite relation of the pres=
sures at the,layers considered such that the centrifugal
forces willﬂ%e balanced by the differences in pressure.
Since in a fluid flow the pressures and velocities are con-
nected with each other (through the Bernoulli equation) the
pressure ratios at which there will be no cross flow will
correspond to a definite radial distribution of the rotational
component, It is found that in this case the velocities «c¢yy
are inversely proportional to the radius; that is, that

r ¢, = constant (51)

Since this law is of cardinal importance for under=-
standing axial fan operation we shall give a brief derivation
of this relation here, restricting. ourselves because of the
lack of space, to the friclionless ideal fluid. We consider
two neighboring sufficiently narrow concentric fluid layers
rotating according to the law r ¢y = constant (fig. 13).
The pressure in the outer layer should be greater than that
in the inner since it 1s the ezcess pressure in the former
that produces the centripetal forces that make the fluid
move along a curved trajectory. The centripetal force may
be computed as the product of the mass of the layer by the
centripetal acceleration. The volume of the outer layer is
given by the product

27r dr 1%

where 1 1is the thickness of the rotating layer above the
plane of the sketch (fig. 13). Ths mass of the layer is

dm = p 1 2 mrdr (52)

If the rotational velocity is c¢,; the centripetal acceler-
ation is

(53)
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The centripetal force is, thcrefore
P=2mp lcy?dr (54)

The pressure difference dp Dbetween the layers is found
by dividing the centripetal force by the contact area of
the layerse. Since the latter area is equal %o 2nrl, we
obtain . :

Cua
r

dp = p

dr (565)

: The pressure difference may also be obtained by applying

Ag the Bernoulli equation to the curved flow in the layersunder
1} consideration, In doing so ve make the following very im-

i portant assumptiony namely, that the constant entering the
Bernoulli equation is the same for all concentric layers,*
FProm the following considerstions it will appear clear that for
this assumption, eguilibrium in the roteting fluid is main-
tained; thet is, there 1is no cross flow from one layer to

the next,

The static pressure, or simply, the pressure in the
outer layer should, as we hoave scen, be greater than the
pressure in the inner layer, Hence, in view of the con-
stancy of the constant in the Bernoulli equation, the ver
locity in the outer layer should be less than that in the
inner. The velocity increment decy; should thus be taken
negatively., This explains the apparently paradoxical fact
that in the following expressions for the pressure difference
dp Ybetween the layers 2 minus sign stands before the right
hand side of the <guation.

Denoting the velocity in the outer layer by Cy We
should, according to the generally accepted rule, denote the
velocity in the inner layer by Cy ~ dcu.** From the . <=

N

T e D R ol
o

*phis assumption is actually wvalid for a fan with presgsure
Htp = pucy, constant along the radius,

**Again we emphasize that an error in the sign before decy,
in this expression lcads to an entirely incorrect result,
The minus sign is taken before decy Dbecause we pass to a
layer of gmaller radius.

-8
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equation

2 2
c (cy = decy)
Pouter T P 5 = Pinpner *t P . (56)

we obtain, for the pressure difference dp after removing
the parenthesis and combin%ng similar terms, the following
relation (ncglecting |dcy|™).

- = - a 57
dp = Pouter Pinner P Cu%Cu (57)

Equating the above expression to the one earlier obtained
for the pressurc difference, we find

dr = = p cy dey (58)

Dividing by pec, and separating the variables

Cu r
P (59)
Integrating, we have
in ¢y, = - 1n r + constant
s or
in ¢, + in r = constant (60)

u

The sum of the logarithms on the left hand side of the
equation is equal t0 the logarithm of the product

1o (rey) = constant (61)
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,_,__,._
=y

LA N ST S S

or

re, = constant _ (62)

Thus we have proven the required relation for a fluid with-
out friection, Since, however, the effect of the internal
friction for the fluid under considerationg-namely, air,

is smally~it may be assumed that the rotational velocity
distribution along the radius for air does not deviate much
from the law rcy, = constant. There is merely a small

change in the constant, In "fact we have already seen in
considering the effect of friction on the parformance of a
blade element that the rotation of the flow increases in

the presence of friction. Denoting this incrceased rotational
velocity, due to friction by Cyr and the rotational veclocity
under otherwise equal conditions, without frictioan by ¢

u id
then evidently rcy & rcy ige

Thus we have shown that in the rotatinszg liquid there
is no flow along the redius if the Bernoulli constants for
the various layers are the same, “7eé may note that the same
restriction remains if =211l the particles simultaneously
possess a forward motion with the seme velocilty. In this
case the Bernoulli equation bvecones

X c1® 032
| Py ¥ P 5 = ps + p 5 (63)
L
é whore c¢3 and ¢, arc the resultant velocitics, Since,
g however,
1
|
¥ 2 2 2
i{? cl,.. C,-! Cyu1
iy P77 =P 27 *p 3
F and
2 ' 2
Ca2  _ ca® Cuz
e

PR S

2 2
cg” . Cua CTa Cuz
D, + + = py, + p &+ ~dz
1 P 5 5 2 5 P 5 (64)
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Dividing through by pcaz/z we arrive at the same condition

which we assumed in deriving the law rcy = constant.

It is clear, from this, that if we wish the flow through
the fan to pass along cylindrical surfaces coaxial with the
fan, we should give the blade clements a setting such that
the rototional components produced by the elements obey the
law recy = constant., Since the choice of the blade angles
of the elements is at our disposal we may consider that this
choice has, in general, been made.

We have seen that the presence of a rotational component
behind each blade element is characterized by the presence of
circulation about the given element.

- 2T rey
Ty = —5— (4)

Thus, the condition requiring that the blade element be

chosen such that the rotational velocities obey the law rey=
constant is equivalent to the constaney of the circulation
along the blade. Siace the magnitude of the circulation may
be taken as a measure of the twist of the flow we shall deter-
mine the circulation, Since the latter about any contour
around the axis of rotation is the same, we may choose the
most suitable one, which is a circle of radius r. ZEvidently

I'' = 2 iire

A fact to be observed is that the circulation in the rotational
flow behind the fan is equal to the circulation about one

blade multiplied by the number of blades. It is thus possibdle,
from the circulation about one of the blades of the axial fan,
to obtain the entire circulation of the flow behind the fan,

It is for this reason that we present the so-called vortex
theory first desvelopead by N. Joukovsky which has been so fruit-
ful of results. The advantage of the following theovry 1is that
it permits a very simple freatment of axial fan operation as

a whole,

4, Vortex System of Axial Fan

It is known that if the circulation along the wiug, or
as in our case, along the fan blade, is constant the wing or
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blade may be replaced by a single resultant vortex whose
circulation is equal to that about the wing or blade., The
question arises as to whether the resultant vortex ends
abruptly at the blade boundaries or whether it continues
beyond these limits. We emphasize the importance of this
question since, at first glance, it is not clear how the
vortex arising at the blade can exist beyond its limits.

We have seen, however, that the blades of the fan produce
behind it a rotation of the flow, which in a frictionless
fluid, on account of inertia, is extended infinitely behind
the fan. This robtation, behind the fan, may be considered
assoclated with the vortex, or more accurately, the vortex
"braid," which is the resultant of the vortices of the in-
dividual blade elements. In fact we have seen that the
circulation in the rotational flow behind the fan 1z equal
to the sum of the circulations about the blade end this
condition is observed when a number of vortices are combined
into a single vortex,

In view of this thes vortex systom of the fan may be
represented as shown in figurc 14. The resultant vortices
which replace the blades do ot break off here at the hub
but rotate by 90° and combine, bechind the fan, into a single
vortex which then cxtends infinitely far behind, It is
natural to suppose that the r.:sultant vortex does not also
break off at the other end ol the blade and is carried along
by the flow in the form of a lianc vortex as illustrated in
figure 15, This is actually the case if the fon operates
without a casing or if there is a sufficient clearance
between the fan and casing. Because of the Adifference in
pressure ahead of and behind the .fan a flow takes place ncross
the tip of the blade due to the clearance and gives rise to
the vortex line shown in figure 15, It is evident that the
smaller the clearance the weaker will be the flow and in the

3
.eg_:é:::_—.:-—_' 2

limit, when the clearance becomes infinitely small, the vortex
line springing from the blade tip vanishes. In this case the
resultant vortex continues downstream supporting itself against
the wall, The effect of the clecarance on the operation of the
axial fan is, in general, very small but as we have shown may
be taken into acecount by the introduction of a correction
coefficient to the pressure head developcd by the fan,. In

all theoretical conputations we shall consider the clearance
as vanishiangly small and make a correction for the clearance
only when illustrating concreote computation examples, For
this rcason, in our vortex system for thc fan, e have pre=
sented the vortices replacing the fan blade as breaking off

at the casing walls.
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5, Pressure Distribution in the Flow Behind the Fan

We have shown that radial flow in a rotating fluid is
absent if the condition recy = constant is observed. In
deriving this relation we have seen that the pressure in
the inner of tvo neighboring layers is less than that in
the outer layer. The difference in pressure is balanced
by the centifugal forces arising in the inner layer. Gen-
eralizing this conclusion we may say that the pressure in
a rotating flow behind the fan drops as the fan axis, or
the vortex axis behind the fan is approached., By comparing
the pressure distribution behird the fan with the distridution
ahead of it, we may conelude that the pressure drop.developed
by each blade element of the fan decreases as the hub of the
fan is approached, since the pressure over the entire cross-—
section ahead of the fan'is constant., The fifth character~
istic of the axial fan operation may be, therefore, formu-—
lated as follows. The total pressure head developed by the
blade elements*is not uniformly distributed over the fan disk
hut gradually decreases toward the hub. We may note that the
above statement does not contradict the view as regards total
pressure of the fan as a whole as being ths difference in
pressures ahead of and behind the fan taken in the absolute
flow, The flow is deflected by the fan in a region where the
same pressure prevails and, therefore, the head actually pro-
duced by the fan is determined by this difference in total
pressures, It is merely necessary to keep in mind that the
total pressure produced by the fan as a whole is somewhat
larger than the mean pressure which we would obtain by add-
ing the pressures produced by the individual blade elementg,™*
There must, therefore, exlist an additional source of pressure,
We shall show that such a four<e appears in the flow rotation
produced by the fan, which operates like a centrifugal fan,

We have already shown that, notwithstanding the difference
in pressures at the periphery and center, respectivaely, of the
rotating stream, no radial flow occurs ‘from the periphery to
the center., There is also no radial flow in the rarefied
region lying immediately behind the fan outside the rotatiang

*phe pressure head of an element may be defined by the dif-
ference in static pressures ahead of and behind it. It may be
considered as the total pressure in view of the constancy of

c and hence also equality of the dynamic pressure at inlet
and outlet.

**¥This mean pressure may be arrived at in the following way.
Determine for each element the thrust, integrate and find the
resultant of the individual thrusts, that is, the fan thrust,
and finally divide this thrust by the fan disk area.
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medium, The absence of such flow may be explained by the

* fact that iIn this interval an additional pressure head

is developed from the latent source in the form of dynamic
pressure of rotation, This will become especially clear
from the curve of pressure behind the fan. This curve is
constructed by laying off the radii of the blade cross=-
sections considered along the axis of abscissas and the
corresponding pressures along the axis of ordinates. Fig-
ure 16 shows an example of such a curve obtalned by com-
putation for one of the fan operating conditions considered
below, The curve shows, first of all, that the value of
ch = pc, u is considered equal for all of the fan blade

elements:

Hypy = p Cy U = p @ To (65)

where p and ®W ~are coastant nnd rec,; 1is constant, in
view of the law of constancy of the circulation. In order
to obtain the rated total pressure H developed by the fan
blade elements we should dedvct from Hin the dynamic pres-

sure of the rotating flow. It will be remembered that the
value of the rated pressure head X is determined for each

c
blade element by the formula

- ‘u
Hcomp TP Cu\" T (66)

The pressure head H 1is somewhat less on account of the
Presgure losses due to the profile drag of the blade. We
have found that H 1is given Dby

H=nprpcu<~‘é‘ (38)

The value of the velocity of rotation Cy increases with
decreasing distance from the blade hub; pcua/z likewise

increases and hence H decreases. The variation in H,

r
is clearly seen on the pressure_curve. We may note that the
curve H is a parabola with fgrtex lying on the maximum
blade ra&ius equal to the fan radius, the axls of the par-
abola veing parallel to the axis of ordinates. The pressure
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H- eactually developed by the fan and determined by formula
(38) lies somewhat below the curve Hg ., In figure 16 it is
represented by a dot - dash -curve. The figure also gives the
curve of total fan pressure shown by the dotted curve as '
obtained from experiment. This latter pressure is denoted
by- Htggtes It is evident that the difference between the

test pressure and the pressure H for which the individual
blade elements are computed is due to thé dynamic pressure
of rotation. \ '
We now proceed to explain a‘fact which is fundamental

for the understanding of axial fan computation. On figure
16 it is noted that the curves H,,., and H meet at the
blade tip element. 1In other words %he pressure difference
ahead of and behind the tip element is entirely produced
from the pressure head H developcd by this element., That
this could only be the case will be clear if it is considered
that the static pressure behind the tip element cannot be
equql to the atmospheric pressure, or more accurately, to
the pressure in the rotating medium behind the fan. ZFrom
the fact that there is an increase in the static pressure
produced by the tip element from the low presgsure ahead
of the fan to atmospheric 'rﬁgsure and the dynamic pressure

2 behind the faijis‘the same because of the con—
stancy of the axial velocity cab it follows that

Hiest = Htip el (67)

both of these pressures being, in fact, determined by the
same egquation

/ ' ca? ca”) _ -
Kpa T op > “\Pst *t P 5 = Pa ~ Pgt (68)

where pg& 1is the préésgre immediately ahead of the fan.

The fact that the pressure of the fan as a whole is equal
to the pressure produced by the tip element constitutes the
sixth charécﬁeristic of the axial fan operation.

FProm figure 16 it 1is seen that only a part of the
dynamic pressure of rotation is lost; namely, that developed
by the blade tip elements, To avoid this loss, or morsg
accurately, to utilize a part of the loss dynamic pressure,
is possible only through the use of guide vanes.
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The credit for pointing out the presence of a low
pressure region behind the axial fan produced.dy.the-ro-
tation of the flow and the impossibility of considering
the fan thrust,™ as equal to the product of the pressure
by the fan disk area, as well as for introdidding changes
in the computation of the axial fan in connection with
the fact that the pressure of the fan as a whole is equal
to the prcssure of the blade tip element belongs, apparently,
to X. Ushakov (CAHI), since other authors either have not
sufficiently brought out these facts or have permitted -
errors to enter, Among the mistaken statements is the oane
that all the elements of the fan blade can develop the con-
stant total pressure H, a statement which is cquivalent
to the incorrect assumption of constancy of the static
pressurc behind the fan.

In concluding this scction woe may briefly summarize
the characteristics of nxial fan oper-~ting at the rated
operation condition: '

1., The flow ahcad of the fanis without rotation,

2. The relative veclocity of the flow through the fan
increascs from tho centoer toward the poriphery.

3. Thec static pressure ahcad of the fan remains con-
stant along the blade.

4, The flow behind the blade possescses rotation, the
rotational velocity following the law rc, = constant,

5« Due to the rotation of the flow behind the fan the
static pressure cannot be constant but decreases toward the
hub, This results alsc in a decrease in the pressure de-
veloped by the fan elements, . ’

6. The general pressure produced by the fan is equal
to the pressure of the blade tip element.

III. GENERALIZATION OF PHYSICAL BASIS OF AXTAL FAN OPERATION

In the present section we shall present, briefly, some
basic coansiderations which permit us to proceed to the com-
putation of the axial fan for operating conditions other
than the one for which the fan is computed.

¥By the thrust of the fan is understood the resultant of the

force arising during fan operation in the direction opposite
to the flow,
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The fundamental simplification underlying our method
of computation of the axlal fan is the assumption that the
law rcy = constant - -approximately the law of constancy
of the circulation along- the blade ~ remains valid for all
operating conditions within the. interval of normal blade
angles. (up t0 Oy pax) and that this law is applicable also
for smaller num%er of blades (removal of some of the blades).
The transition from one operating blade angle to another is
characterized by a change in the valuée of the constant in
the law re, = constant, or in other words, by a change in

the magnitude of the circulation about the blade, the circu-
lation being maintained constant along the radius.

Due to the lack of time there have been, unfortunately,
no means at our disposal for-checking the possibility of the
application of the above assumption by the direct determina-
tion of the velocities and pressures behind and ahead of the
fan, An investigation of this kind of the internal process
of operation of the axial fan will be undertaken in the near
future., For the present we were constrained to Jjudge the
satisfaction of the method by comparing the computed char-
acteristics obtained on the basis of the assumptions made
with the fan characteristics experimentally obtsined. We
were able to make such a comparison for a large number of
fans and thereby to draw conclusions as to the range of
applicability of our method.

We have not considerasd it necessary, in our present
work, to entor into a theorctical analysis of the masgnitude
of the errors we have made in applying our fundamsntal
assumption, since it was our object to present immediate
results of definite practical value and a thcoretical anal-
ysis would have roquired large time expenditure. We shall,
therefore, merely stop to clarify the physical significance
of our assumption,

We have seen, in deriving the law rey, = constant, that
when this law is observed there is no radial flow in the
rotating fluid, provided the pressure distribution in the
rotating fluid is such that the equation

’ 2
Cyj ® - b, + Cuz
2 2 TPy

p, +p (69)

is satisfied.
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Conversely, the assumption of the validity of the law
rc,, = constant is equivalent to the assumption that a presgw

-sure distribution, such as required by equation (69), is

established immediately behind the fan. In other words,
operating for conditions other than the computed one, the
flow immediately behind the fan is of such character that
there is no radial flow, all the particles moving over
eylindrical surfaces coaxial with the fan.

We heve assumed that the flow pattern will be incom-
plate, however, if we do not consider what the axial ve-
locities ¢, produced by the individual blade elements
are, It is not difficult to see that for operating con~
ditions othcer than those for which the comyvtetion is uade
the axial velocities cannot remain coustant. First we may
note that it is incorrect to suppose that the noncoanstansy
of the axial velocity along the radius in itself excludes
the possibility of the operation of the law rec, = constant.

In fact we have seen, in derivinz tnis law, that the axial
velocities do not figure in this derivation at all,’  Physiw
cally, this means that re ;ardlogs of whether the particles
of the rotating fluid have a forward motion or not it is of
importance only that at each given instant the pressure
required by relation (69) Dbe maintained at a given point.

The requirements of a redistribution of the axial
velocities may be explained by tlhue following example., Let
the transition from one operating condition to another occur
by a sudden sharp throttling. It is then evident that at
first the axial velocities will tend, by inertia, to moin-
tain their constant values along the radius., The direction
of the apwroaching flow for each of the elements and the
pressgure itself can be determined with the aid of the pres-
sure head cocfficient Koo It will be found that the pres-—
surc of the individual blade elements will be grcater or
less than the pressurce which these clements must develop in
order that the law rcy = constant hold behind the fan. Let
us assume, for doefiniteness, that the pressure produced by
the bladc clement exceeds that regnuirced by this relation,

In this case the excess of pres:ure will give rise to an
increase in the axial velocity of the flow which, in tura,
will lcad to an increase in the piteh nngle n decrease in

the angle of attack and hence also drop in the pressure,

This process will continue until the relation between the
pressures will become that required by the law rc, = constant,
From what has been said it is clear that in passing from the
computed regime to another the condition of constancy of the
axial velocity along the blade will be disturbed. Thus the
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assumption that the law rcy = constant holds for regimes
of fan operation other than the computed regime implies
only that the flow takes place as before along cylindrical
surfaces coaxial with the fan but with different axial
velocities at the various radii, Because of the fact that
the axial velocities ahead of the fan are constant aloanr
the radius the flow passes through the fan along conical
surfaces. This character of the flow was neglected since
we have considered that the conical surfaces along which
the flow through the fan passes differ negligibly from the
cylindrical surface coaxial with the fan. The author con-
siders himself Justified in publishing his method .of axial
fan computation based on the above physical pattern since
the method gives good agreement with the experimental re-—
sults and is of definite practical value.

It is of interest to elucidate the fundamental assump-
tion regarding the maintenance of the constancy of the cir-
culation from the poiant of yizw of the vortex theory of the
fan,- From this point of view the constancy of the circulation
is equivalent to the assertion that the system of resultant
vortices that replaces the axial fan maintains its shape for
all operating conditions of the fan, there being only a
change in the intensity of the vortez. As before each blade
is replaced by one rcesultant vortex,

In conclusion we consider the question of the possibility
of extending our fundamental assumption with regard to the
maintenance of the law rcy = constant to the case of the
rotation of the fan blades about their axes or a reduction
in their number. There is, in fact, no fundamental differ-—
ence in the flow phenomena when the fan operates at regimes
other than the computed regime or when the fan operates with
different blade angles. We may note, in confirmation of the
above~mentioned assumption, that operation of the fan et a
different regime or different blade angles is possible by a
continuous change from the computed regime, As in the case
of rotation of the blades about their axes there is no funda-
mental difference in the flow phenomena when the fan operatecs
with a different number of bladecs,

IV, NEW MODIFICATION OF THE METHOD OF AXIAL FAN COMPUTATION

Before proceeding to the presentation of the method of
computation proper we shall make some observations on the
computation with the aid of the coefficients Kg and Kye
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The method of computation itself will be very briefly
presented. since its presentation is not ‘the chief object

of our present work and since a special paper by X. Usha-

kov devoted to the computation of axial fang issimultaneously
being published with our paper., We shall not stop to con-
sider the gquestion of choice of fan, its basic parameters,
determination of its diameter, peripheral velocity and so
forth.

The method presented by us is based on the same phys-—
ical pattern as that mentioned in the work of K. Ushakov
and our method is therefore not entitled to be considered
as new dbut only as a modification of existing computational
methods by the blade elcment theory or vortex theory.

The fundamental characteristic of the modification
proposed by us, together with the use of tne coefficient
Ka and therefore with the pressure losses associated with
the profile drag, 1s the possibility of setting a definite
blade element at the most favorable blade angle corresponding
to the optimum profile efficiency. In the usual computation
the gquestion of setting the blude element for the optimum
operating conditions remalns unclear, Strictly speaking the
usual computation reguires the setting of all the blade ele~
ments at the same angle of attack (under the condition of
using the same profile) since tiac theory of the computation
presupposes that all the elem2ats have a constant u -~ the
reciprocal of the aercdynamic efficicney of the profile
section. ' In other words the ouly clcar criterion for a
rational sctting of the blade eloments is the value of the
aerodynamic efficiency, and to be consistent it is necessary,
in all cases, to set the blade elements at the angle corre-
sponding to the given maximum e¢fficiencye. This requirement,
however, strongly hampers the designer since it excludes
the possibility of chnnging the blade elements in accordance
with structural conciderations. In our computation, as will
be celear from the discussion below, this possidbility of vari-
ation is centirecly feasible.

We may remark, incidentally, that the control of the
rotational efficiency is not at our disposal. The value of
pcu3/2 is uniquely determined, as we shall see, by the
given value of the presazure head, It is, therefore, possible
to speak only of a subsequent utilizatioas of the dynanmic
pressure with the aid, for example, of guide vanes, but not
of the choice of a most favorable value of pecy®/2.
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TPhe computation itself proceeds as followss, The

value of the pressure head H 1Iin millimeterswater and the
discharge Qhy 1in cubic meters per hour are considered as
given and the values of the diameter D in meters and the
hub diameter d in meters and hence the ratio of the hubd

to fan diameter €= a/D are considered as chosen values.

as is also the number of rotations per minute n., We deter-—
mine, first of all, the magnitude of the clearance (fig. 17)
between the wheel and casing of the axial fan., On figure 18
is given a curve of the loss in pressure as a function of the
relative cleorance expressed in percent, The relative clear-
ance is defined by the ratio of the magnitude of the clearance
s to the blade length R ~ ry where r, denotes the hubd

radiuse The formula for the relotive clearance is, thereforec,

g 100

s = (70)

R = Thup

Figure 18 shows the pressures for the same fan as a
function of the relative clearance, the pressures being
expressed in porcent of the maximum pressure, which would
be obtained for a vanishingly small clearance. The trend
of the curve shows that the effect of the eclearance is very
marked, the loss in pressure alrendy amounting to 10 percent
for the practically small clearance of 1 percent. This pres-—
sure loss may be taken into account in the fan computation
by computing not for the given but for an increased pressure,
Thus the computed pressure is given by

H = HEK,,

comp (71)

ear

The correction coefficient Ky1 may be defincd from the
curve of figure 18" onwhich, for coanvenience in using, are
indicated the values of K,y obtained by dividing the pres-
sure for zero clearance by the pressure at the given relative
clearance, that is,

Kei.o = —— (72)

*Phe curve of figure 18 was obtained -experimentally and
represents a mean curve from a family of curves obtained in
investigating the effect of clearance on the characteristics
of various fans (fig. 19).
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Having determined the pressure H, for which the fan

is to be computed it is possible to procced to the dester—
mination of the rotational component ¢y without whiech,

as We have secn, it is impossible to construct the velocity
trianglc and hence to determine the effective pitech angle

and the blade setting. We have seen, moreover, that the
value of the power expended by a blade element is likewise
determined from the rotational velocity. It is not difficult
to see that for constant axial velocity =along the blade the
total power of the fan is determined from the rotational

velocities at each blade element.

From the consideration of the physical basig of the
fan operation it has been established that the pressure
produced by the fan is tnhat produced by the blade tip
element, Conversely, if the pressure is known, the rota-
tional velocity of the flow ¢, correspoading to this
blade element, can be found, For this purpose we make use
of the formula

N
]
Fo = Mpr P Oy \ M _'3%/' (s8)

In the above relation the valnes of tlre air density and
peripheral speed are known, For normal conditions (7?60
mm Hg, 20° ¢ and 50 percent humidity) for which the com-
putation Is generally made, the specific wei:ht Y of the
air is 1.2 killogram per cubic meter and "ence the density

_ Yair _ 1.2 _ g ypp5 K8 8607

p = g T 9.81 ~ m#

(73)

where g 1is the acceleration of sravity equal‘to 9.31
meters per second square, The veripheral szpead u may be
found from the formula

7T 1
T

5C (74)

The determination of n r for substitution in formula
(38) is somewhat morc involvéd since n » depends on the
pitch angle B defined by the relation
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tan p = —B ,, (75)

c
o - B
2

and hence on c,. Since an analytic expression for fpr

as a function of ¢, 1s not known, no cxact analytical
solution of equation (38) for ¢y can be. given, It is
possible, however. to obtain an aprroximate value of n

for substitutioa iu formula (38). We have seen (see fig. 20
and the nqop cuvcves in sppendix I} that the value of Npr
depends very little on the Dblede angle and changes relatively
by a small amount with the angle 8, Since-the latter also
varies slightly with ¢y (cu is small by comparison with

u and therefore with change in ¢, the difference u -
cu/z entering in the expression for tan 8 changes

slightly) it is evident that even a relatively large change
in ¢y results in a very small change in Npre It is,

therefore, permissible in formula (38) to substitute a
value of Npr determined by a valus of ¢ that is close

to the actual valme, Such a value of ¢ will, for example,
be the onc determined by the computed pressure H, with pr

neglccted, that is, according to the formula

Cu\
H, = c u - =
c P u < 2 /
obtained from formula (38) by setting Npr = 1.

We now solve equation (38) for o, putting the equation
in the form

2 2 H
Cy = 2 ucy + —— =0 (76)
P Mgy

Solving this quadratic equation there is obtiained for Cu

the expression
/ . 2H (77)
c, = u - u® -

-
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where the minus sign is taken 1n front of the root since
the rotational velocity of the flow ¢,, cannot exceed the
peripheral velocity .

By making use of formula (?77) and taking account of
what was said, with regard to the choice of Nppr We have
the following order of operations for the determination of
cys We first find an approximate value c, ' Zfor the choice

u
n' , assuming in formula (77) = 1, +that is,

“pr

2 H
w - — (78)
p

Having found ¢!y we find that effective pitch angle B
for the choice

Tpr from the relation
1 Cr".
tan B = -—“—“c—{l—r (79)
1 -
2

From the curve of profile efficiency wo then find a wvalue
of Npr Bnear the maximum. We may note, here, thdt this
choice of the value of nyp presupposes that angle of
attack at which the blade tip element should be set.
Observing, however, the trend of the n,p curves for usual
fan profiles (fig., 20 and others in appendix 1l); an excep=-
tion occurs for symmetrical profiless, We find that this
circumstance does not seriously hamper the designer. The
angle of attack may be changed because of the width of the
blade wlthout the necessity of computing new relations deter-
mined by the rotational velocity e, since the value of

Npr changes very little, Having chosen the value of fpr

the value of ¢;; for the tip element may be finally deter-
mined by formula (77).

The value of ¢, thus found determines, in view of
the relation rc,; = coastant, also the rotational velocity
for all remaining blade elements, RBvidently the rotational
velocity at radius r is

Cur = CuR.

Hjw

(80)
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where R 1is the fan radius which is the radius of the-
blade tip element. ‘

With the values of ¢, for all the blade elements
thus determined, the values of the angle B for all
elements are likewise determined. PFrom the constancy of
the axial velocity ¢, <for any cross-section we may deter-
mine this velocity for the given discharge @ cublc meters
per second by dividing the latter by the fan disk area F

c = 8 (81)

In formula (75) defining the arngle B all magnitudes are
now known and it is possible to proceed to the computation
of the blade elements., The problem consists in determining
the blade angle 8 equal, as we have seen, to

@ = a + B, (82)

and the blade width b, From the n,, curve the choice of
the angle of attack offers no difficulties, It is natural

to set each of the blade elements at an angle of attack
corresponding to the maximum value of fthe profile efficiency,
a deviation from this rule being ¢tonsidered oaly for struce
tural considerations.

To determine the width b we make use of the two ex-
pressions for the pressure head developed by a blade element:

Cu\
H = c U - == (83)
npr p 11< . 2 /
and
Cu
YW = ==
2 bi
H = K 84
P "a cos B 2 mr (84)

where i denotes the number of blades, chosen from struc-
tural considerations. Zquating the right-hand sides of
equations (83) and (84) we find by dividing by p and

(u -~ c,/2) that
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2 M T npr Cy COSZP
b = b (85)

, cnu
Ka<11—-§'

This 1is the required formula for the determination of the
blade width, We may note that the pressure head coefficient
Ka’ entering this formula, may be found from the corresponding
curves for the pressure head coefficients since both the
angles of attack and the angles B are known, In case .
the angle B differs from the round values of B, for whic
the curves were drawn, recourse is hnd to interpolation, This
will be the case where we malke use of profiles of different
relative thickness 1if it appears that the relative thick-
ness differs from the round valuecs, for wnich the curves

were drawn,

With the determination of the blade angle and blade
width, the aerodynamic computation of the blande elements,
and, hence, thc shape of the entire blade, may be considered
as completed, The description of how the blade shape is
realized in practical construction is not part of our prodlem
and the reader is referred to special literature (reference 2).
Here we shall merely remark the following, In the fan work-
inge drawing the blode width and blade angle shown, are those
obtained by the intersections of the blade with the vertical
plane perpendicular to tho axis, ZEvidently these values
differ somewhat from the computed valucs corresponding to
the interscection of the blade by a cylindrical surface. If
the curvature of this surface is not large, however, (its
radius is sufficiently large) the difference between the
values of the blade angle © and blade width b and the
computed values taken from the drawing is not great. This
circums@ance was tnken into account in order to simplify
the further computations, choosing for the angles 6 and
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widths Db wused in obtailning the computed characteristics
the values found from the working drawings of the blade,

To complete the aerodynamic computation of the fan,
as a whole, we shall consider also the power required by
the fan and determine its efficiency. 1In the same manner,
as for the blade element, the power of the fan as a whole
may be computed from the theorem on the moment of momentum,.
Let ry De a certain mean blade radius* and cu@n; the

corresponding velocity which must be assumed for the com=
putation of the moament imparted to the moving air mass in
the circumferential directions Since the mass of air dige
charged per second is equal to the product of the volume
by the density pQ the momentum is given by the product
chu@hD and its moment by

M=1pQ cu(rm)rm (86)

The power is given by the product of the moment by the
ancular velocity

¥ =0pQcu(r,) Ty O ' (87)

The above expression, for the power of the fan, is not con-
venient because there enter into it the undefined magnitudes
of the mean radius r, and the corresponding velocity
Cu(rm)‘ These can be climinated through the use of the

relation rcy = constant whereby the product rp eu(ry)
can be replaced by the product of any radius of its corre=-
sponding rotational flow velocity. Since we have previously
made use of the blade tip elecment in our calculation it is
natural to use the product cyyz Re Dropping the subscript

R, and remembering that R ®w = u, woc may write our formula
for the determination of the powzr in the form

H=9pQecyn (88)

where N 1is in kilogram~-meter per second, If the power
is cxpressed in horsepower, as is usually the case in fan
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computation, the formula becomes

- et

Q cu u.

Npp = P e (89)

Finally the power of the fan may be directly computed
from the power coefficient X by making use of the ex~
pression for the power of a bEade element

AN = Ey p wp® b AT u,

By dividing the blade into a sufficient number of elements,
we obtain the power as the sum of expressions of the above
form multiplied by the number of blades

R
=12 _EKyp w.® b AT oup (90)

In practice this formula is less suitable since it gives

a sufficiently accurate result only for division of the
blade into a relatively large number of elements, of the
order of 8 or more, It can only be recommended as a check
formula glving an independent result.

The overall efficiency of the fan is computed by the
known formula ) .

(91)

where @ 1is expressed in cublec meters per second, H in
millimeter water and N in horsepower. Since we have seen
that the fan as a whole gilves a pressure equal to that of

the tip eleéement it is natural, in the above formula, to
substitute the pressure of the blade tip taking account, of
course, of the pressure loss at the clearance. However,
since we have computed ,thoe fan for a pressurce that is greater
by these losses we may evidently substitute the value of the
actual, that is, the given pressure.
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With this we may conclude the presentation of our
modification of the axial fan computation, As an illus-=
tration of the method we give a sample computation sheet
with the date required for carrying out the computation
on pages 76 and 77, We have considered it unnecessary to
overload our example with special remarks since the entire
procedure is explained in detail in the present section.
The reader may refer to the description of this procedure
if anything in the example does not appear clear to him,
In order to facilitate looking up the required place in
the text we have indicated everywhere the number of the
required formula and the corresponding figures, With
this in mind we shall, with regard to the selected com=
putation example make only the following remarks.

We have chosen, for our example, an axial high-pressure
test fan with the following data: @ = 13,100 cubic meters
per hour at n = 2800 rpm, H = 168 millimeter water (at
relative clearance s = 1 percent)., diameter D = 0,6
meter, { = 0.5, number of blades 1 = 12, Here we shall
make an important observation, In the description of our
computation method and in the sample fan computation no
account was taken of a factor which must necessarily have
an effect on the fan performance. We refer to the effect
of the mutual blade interference (cascade effect). ©No
correction coefficients, which take into account the effect
of mutual blade interference have been applied in the aero-
dynamic axial fan computation conducted by CAHI until
recently. There are two reasons for this:

1, CAHI has odccupied itself with design prodblems of
high~pressure axial fans only recently, The fans of earlier
design were, in the majority of cases, characterised by low
pressure and hence large blade spacing. ZFor these fans the
factor of blade interference played no important part.

2. Only in the course of our present investigation
has any systematic comparison been made between the fan
computation data and the test results with account taken
of such factors as, for example, the effect of the clear-
ance, the mutual blade interference and so forth. Until
recently the lack of agreement of computed results with
test results was corrected by a single-overall statistical
correction coefficient which took the above factors into
account and reduced the disagreement. In the above-mentioned
work of K. Ushakov the mutual interference is taken into
account with the aid of a general correction coefficient
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Koas ©equal to 0,05 = O0.1.. With the aid of thls coefficient
the pressure H_ . for which the fan 1s computed is expressed
in terms of the required pressure H by the following .
formula: -

He = H Kg1 Kgoge ) (92)

guch a correction, however, with the aid of a constant
coefficient can be made only as a first approximation.

It is quite evident that the blade interference depends on
a number of factors and varies with different cases. -In
section VI we shall present preliminary results of our
attempt to estimate the effect of blade interference of
the axial fan.

In figures 33 and 34 we present a sketch of the fan
computed in this section and a drawing of the fan blade,
The collector at the fan entrance may be noted. The results
of the fan tests are given in sacction VI. )

V. METHOD OF COMPUTATICH OF AXIAL FAY

The object of a check computation of an axial fan is
to determine from the geometric parameters of the fan its
aerodynamic characteristics, the volume flow, pressure head
and power at all operating loads of the fan, In our present
paper we regtrict our computation to those conditions for
which all the blade elements operate under normal angles of
attack up to the start of Tlow separation (cavitation) since
as yet no setisfactory thcory has been developed for the axial
fan operation in this range, The range of normal angles of
attack is practically the one of greatest interest since it
is the range of maximum fan efficicney.

It is known that the fan pressure drops as its discharge
increases.

LFrom the relation

. c
H=nprpcu<—-—5‘—1 (93)

<~
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it .is clear that the drop.in pressure corresponds to a
decrease in the rotational velocity cye An increase in

the discharge, on the other hand, c¢orresponds to an increase
in the pitch angle PB. There 1s thus a relation between the
fan operating condition defined by the combination of values
Q and H and by a certain pair of values ¢, and B. It

is natural, therefore, given the values ¢, and B, to seek
the corresponding values of the delivery and pressure: a
procedure we shall use in determining the computed axial

fan characteristics., '

Given a fan to determine its computed characteristicse.
From the working drawing of the blade we determine the values
of the blade angle 8, the width b, the reclstive profile
thickness 8 and the profile shape., The latter is, evie
dently, very important since the computetion is based on the
the profile aerodynamic characteristics, obtained from tests
in the wind tunnel. PFor convenience in makiang the computa-
tions we plot the obtained values of 8, b and § on a
diagram., Drawing smooth curves through the points obtained
we may find the required data for any blade elemsnt. Such
a diagram is shown in figure 21 for one of the fans inves-
tigated by us in detail; namely, fan 4. In section VI a

sketch and blade drawing of this fan are given (figs. 31
and 32).

The fundamental relations which we make use of in
determining the points of the computed characteristics are
found in equation (93).

(-3)
H = Ka p wmz b i dr - Ka 2 bi (94)
2 mr dr cos? 8 21T
@ = a + B (95)

Let us consider which magnitudes may be here assumed as
known and which are required to be determincd from the
equations.

Omitting the known air density p, the number of blades
i and the known values b and 6, which may be found from
the auxiliary ‘curves such as those shown in figure 21, we
consider the valucs of the radius r and the peripheral
velocity u = rw. Since our computatioan will be conducted
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on the blade elements the radius r may be considered

“defined together with the corresponding element. The

peripheral velocity may be conslderad as known since the
angular velocity is also known: .®W = 7n/30 where the
rotational speed n in rpm is given. There remains to

be determined the magnitude of the head H, the rotational
flow velocity ¢y, the pitch angle g, the angle of attack
@, the profile efficiency n,, and the pressure coefficient

" Kge The two latter magnitudes may, however, be considered

as known because both are functions of the angle B and
the angle of attack as is seen from the correspondiang dia-
grams. It is thus clear that in the three equatioas (93),
(94), and (95) there are four unknown variables. Evidently
if one of the variables (it is natural, for example, to
choose the rotational velocity as basic) is taken as the
independent variable the remaining variables will be deter-
mined since only three unknowns will then remain in the
three rélations. As may be r-adily scen, however, to give
an analytical solution of these eguations is impossible,
first of all, because thore enter thz varlables Npr and
¥y which ar: functions of graphically given unknowns. The
choice of analytical expressions would iavolve us in an
extremely complicated mathematical analysis. Moreover the
angle B and the rotational v2locity arc in an indirect
relationship. All these considerations made wus dispense
with any attempt at analytical solution and the problem was

. solved by the method of trial and error., We are given a

pair of values c¢,; and B. The third of our fundamental
relations (formula (95)) gives us the angle of attack and
thus permits us to choose Ka from the corresponding curve.

With these values determined the pressure head H can be

.computed by formulas (93) and (94). The pressure computed

by the sccond formuls is denoted with the subscript XKa
since, gencrally speaking, for arbitrary values of Cu. and
By, the pressure computed by the sescond formula will not be
equal to the pressure computed by the first formula. If it
appears, however, that

H = Hid ’ (96)

1t‘51gn1f1 S th 2t the felntion between the mq*nltudes c

and B is. true that theJ satisfy our fundamuntal relations.
The pressure H will thén be the actual- pressurp devaloped
by 2 given blade. elemcnt at" given .4y »and- 8 ‘'and from the
angle B8 the volume flow through an clementary ring swept
by the element under consideration can.be found. Thus, the
axial velocity is :
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cg = <u - %)tan B8 (97)

and the volume

c
Qring = 2mr <? - E?> tan B dr . (98)

With'the above, we conclude our general considerations
underlying our method of computation and proceed to the draw-
ing of the computed characteristics,

We begin with the determination of the fan pressure., 1In
discussing the physical basis of the fan oper>tion we have
established and later in the computation made use of the fact
that the pressure developed by the blade tip element gives
the pressure of the fan as a whole. We shall,first of all,
analyze the operation of the tip element,y making use of the
gencral considerations dliscussed above., As a2 result, we
shall obtain, for a given series of velucs of ¢, a scories
of values of the pressurce, thet is, onc of the coordinates
of the fan charactoristics and then procecd to determine
the discharge.

In detcermining the discharge it is not sufficicnt to
consider the opceration of the singlce blade tip clement
because the axial volocities through the other elcements arc
unknown. Tho assumption of thc constancy of the axial voloc-
ity is, as we have seen, in section III wvalid only for the
single computcd operating condition, For othor operating
conditions there is a redistribution of th: axial velocities
and the axlal volocity no longer romains constant along the
blade., To determine the axial volocities for cach given
blade element we mey proceed from the following considerations.
We have assumed that the flow through the fan is such that the
pressurcs behind the fan and hence the pressurec differenccs
developed by the blade elements are so distributed that the
law reoy = constant hold true. This law may then be used to
determine the value of ¢y and with it the pressure head for
any bladec element, What follows the pitch angle B is deter-
mined by the trial and error method similar to thet in ana=-
lyzing the work of the tip element until the pressurc computed
from the found valuc cy
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. ’ cur B o
He, = Mpr P Cuy (ur T > (99)

is equal to the pressure computed from the coefficient Ka

=]

., Cur &
<u e / bri

Hig = K
id a P cos? B 2nr

(100}

It must, of course, be remembered that the blade angle &
and’ the blade width b should be taken to correspond to
the given element. From the found angle B we determine

Cu
Cap = <Fr - —E£> tan B, (101)

Finally the discharge for a given element 1is

ering = Cq, F (102)

!

where

F

r 2wy dr (103)

il

Thus for any operating condition for wihich we have previously
obtained the pressure,from an analysis of the performance of
a blade element, we may now determine the axial velocity and
with it the volume flow for any blade element. On figure 22
we show, as an example, the axial velocity distribution for
various operating conditions of fan 4. Detailed computations
in constructing the computed characteristics of this fan will
be given below at the end of the section. Here we shall
merely show how this diagram of axial velocities was cone
structed. The axial velocities were computed for three blade
sections; namely, the tip element, the hub element, and the
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element at the mean radius. Continuous curves were then
drawn through the obtained values laid off as a function
of the radius. If the flow volume through any of the
elements is known then the total flow may be found by
sunmation

R
Q = z Qring (104)
hu

over all the clements from the hub to the fan circumference,
The same rcsult could be obtained by finding the mean axial
velocity throuzh graphical integration of the axial velocity
distribution curve. The discharge would then be given by
the product

Q = ¢, T (105)

We shall now proceed to the determination of the fan

power, Since the rotation component c igs known for all

elements the power for esach of the elements may also be
computed from the formula

Uy =P Qring Su Ur (106)
vhere 1t is again pointed out that Cup, and up - the
rotational component and the peripheral velocity - must be

taken at the given redius., The power expended by the fan
as a whole is evidently c¢qual to the sum of the powers of
the individual elements

R R
¥ = S; By = 37 0 Qring Cur Ur (107)
L —_
Thub . Thub N

In this form the_férmula for the power appears rather com-
plicated. It is easily seen that it can be consideradbly
simplified., Thus, ,in the sum at the right-hand side of the
equation the product cur u, = cur rw where ®w the angnlar
vielocity 1s constant as is also the air density p. Talzing
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the constants outside the summation sign we may write the
expression for the power in the following form

R

N =op Cu, T w E: Qring
Thub

Remembering that ey,.r=cy R and cy Rw= cy u and also

that by ; is the total flow.through the fan the
rhub Q'rlng

result is obtained that the power expended by the fan in-
dependently of the operating conditions 1s given by the
product

N=p Qecyu (108)

where ¢y 1is the rotational component of the flow for the
tip element and u the rotational velocity of the fan. We
thus arrive at the conclusion, which very much simplifies
the computation, that to comwute the power of the fan at
any operating condition it is not necessary to compute the
power for each element individually.

We may note that in the expression for the fan power
the power expended by the air friction at the hub does not
enter, This power as experimental considerations indicate
(reference 3) is given by the formula

Nyyp = By p 0% a° (1 + 3.9 bifb> (109)

where bpup 1is the width of the hudb and d 1ts diameter;
N 1is obtained in horsepower.,

The coefficient By entering the formula is nondi-
mentional and can be obtained from the experimental curve
(fig. 23) of A. Sichev; the value of By being laid off
as a function of the Reynolds number, defined for normal
conditions by the formula
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Re = 28 (1092)

14.46x10°°

It is also seen fron the paper by Sichev that the value of
the power expended at the hub remains constant for all
operating conditions of the fan.

It is of great interest, finally, to check the com=
putation by determining the power expended directly with
the aid of the power coefficient Xy. The power for a
given element for all blades is

A Npjng = Kypwp® bi Ar ur (110)

the magnitudes entering this formula being taken at the
mean redius of the ring. We shall briefly conszider the
computational procedure. The blade is divided into a
number of elements by dividing the swept area into rings

of equal area (fig. 24)% and then determining the power for
each element. Since the values of the pitch angle B ~nd
the relative velacity wp = (v - cu/2)/cos 8 for any
radius are unknown we coustruct additional auxiliary curves
for B and wp. If these magnitudes are known the corre-
sponding power coefficient ¥, 1s also determined since
the angles of attack for its choice are

ap = Op = By

The power of the fan 1s obtained 2s the sum of the powers
of the individual elements

R
W = Sﬁ A Nping (111)
nab
taken for all the blades. We may note that, practically,

it is sufficient to compute the power for eight elements,
the swept area being divided into eight rings of equal area.

*In fig. 24 the diagram is given for dividing any circlo iato
rings of egqual area. The magnitudes of the ring radii ~re
expressed as relative radii ¥ = r/R fron which the actual
radii for a given fan can be readily computed.



NACA Technical Memorandum No., 1042 57

In concluding we shall give the formulas for the
efficlency., If the frictlion power at the hub is not taken
into account the efficlency may be computed by the formula

n = 2 E% : (112)
75 N

In taking account of the power expended by the hub the
formula becomes

Q E
n = > (113)
75 (N + Nhub)

We may note that in both formulas the head H is written
with the subscript s to bring out the fact that in these
formulas the pressure takes account of the presence of a
clearance between the wheel and casing.

For examples of the construction of the computed fan
characteristics we present, in their entirety, all com=—
putations for the two fans 4 and 5b on pages 78 %o '85..

The computations are all arranged in the order which appears
most logical to us and which was also adopted for the com-
putation of the remaining seven characteristics, For con-—
venience to the reader the formulas are numbered to corre-

spond to the text where they are derived,

Vi. COMPARATIVE ANALYSIS OF COMPUTED AND EXPERIMENTAL DATA

l. Introduction

The objeet of this section is to explain to what ex-—
tent and within what limits our computation method applies,.
We shall, first of all, be inter:sted in comparing the com-
puted results with the test results. Incidentally, we shall
also touch upon a number of questions with regard to the
effect of certain fan parameters on its verformance. We
shall also indicate the possibility of approximate construc-
tion of the axial fan characteristics with a minimum labor
of computation. Such characteristics are of importance for
preliminary computations in selecting a fan for given con-
ditions, choosing its fundamental parameters, and so forth.
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The sections will,‘the;eforet be divided into the follow-
ing headings: - o ’

1. Considerations with regard to the selection of
the fan for testing and their fundamental characteristic
data.

Is 2e Some speclal featur=s of the test procedure,

3« General view of the agreement of the computed with
test results and factors accounting for disagreement between
them.

4, Method of constructing the preliminary character-
istics.,

5. Detailed discussion of the chief factor accounting
for the diff=orence between computed and test resulits; namely,
the blade interference. The method of taking this factor
into account depends-on the possibility of obtaining the
aerodynamic characteristics of the profile from the fan
characteristics. '

2.5election of Fans for Investigation
and Their 3Basic Data

Since the object of our computation is to determine

the aerodynamic characteristics of a fan from its geometric
dimensions we have chossn, for the purpose of comparison of
the computed with test data, a number of fans that differed
sufficiently in their geometric parameters, suclh as their
dismeters, ratio of hub to fan diameter, blade width, number
of blades, and so forth. Moreover one of the fans tested,

an axial reversible fan, in contradistinction to the sections
of the other fans sshich were varlous modifications of English
propeller profiles, was of symmetric precfile section especiall:
suited for the design of reoversible Ffans. )

Figures 25 to 34 give c¢xhaustive sketches and drawings
of the blades of all fans tested and with the aid of which ’
the fans can be completely constructed. Figures 35 to 38
gives the curves of the variation of the geometric blade
parameters ©, b, and § as functions of the radius.™*

*The curves of variation of the geometric parameters for
fan 4 are given in fig. 21.
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Since our -object is to show the posgibility of the
application of the method also for the cases -where the
blades are rotated about their axes and for removal eof a
number -of blades two of our fansj namely~ 3 and 5~ were
chosen from those at the laboratory disposal that possessed
rotatable and removable blades, The first of these fans
was tested at the blade angles

(a) © = 199 20! (initial angle)
(p) ® = 16° 50!
(C) @ = 140 05'.

The blade angle given is that for the blade tip element.
For the other blade elements the blade angles in rotating
the blades evidently vary by the same amount os the angle
of the tip element, The second fan with rotatable and
removable blades was tested for the number of blades

(a) i
() i= 6

12 (rated number of blades)

(c) i = 3.

For convenience we give, in addition to the blade
sketches and drawings, 2 table of the geometric parameters
and computed fan data, the rotational speed and two characiter-
istic nondimensional magnitudesj namely, the relative cir-
culation I defined by the ratio of the actual fan circulation
I’ = 2nRcuyp to 4mRug:

2 m R CuR cup

T = =
4 m Rug 2 ug (114)

and the magnitude ® characterizing the degree of utilization
of the rotational velocity for producing pressure and given by

® = (115)

In table I the computed and experimentally obtained values
of ® are given for comparison, The computed data could
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only be given for the three fans, 1,4,and 5a. TFor fans 2
and 3 no preliminary computations. were made.

The fans were 2ll carefully constructed of wvood. The
blades of all the fans except 4 werepolished.s The checking
of all the fans on the special laboratory appnratus for
measuring fans showed that the errors in producing the fen
blnde did not excead 10° Fobt- to 20 285 for the dlade angle,
and 0.5 $0o 1 millimeter for the blade width.

3. Special Features of the Procedure

There is no need to dwell in detall on the procedure
of typical fon tests since it has been fully explained in
a special paper (reference 4). We shall only note certain
features in testing and working up the results. Instend
of the usual procedure of testing the fan in » short pipe
with sharp edges the fans were enclosed in a streamlined
casing. In this way the azxial direction rasguired by the
theory of the lines of flow at the fan inlet was assured,.

Great attention was pald to the measurement of the
size of the clearance between the wheel and casing. Correc-
tions in the computed characteristics of the fan were made
as functions of this magaitude. The neccessity for such
corrections is dictated by the fact that our method is
based on the assumption that the fan operates at a vanish-
ingly small clearance. ©For this reason, in order to be
able to compare the computcd with the test characteristics
obtained at some definite clearancs, we first introduce a
correction for the ceffect of the clearance. We have already
pointed out that the effect of the clearnncs i1z particularly
strong on the value of the pressurs, The effect on the power
is somewhat less marked. Evidently ths c¢ffect on the pover
is particularly strong for opernting conditions near the
maximum air discharge., For this reason we coisider it pos-
sible to introduce & correction for clecaraace only in con-
structing the curves of computed pressurc. This correction
is made with the a2id of figure 19 making usc of the obdbvious.
relation -

_H.—
= s
B = Hs o 1oo> (116)

where Hg is the required pressure at 2 gilvon clearance

ratior, Hy ., %the pressure at a vanishingly small clearance,
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and Hg the percent pressure at the gilven c;§arance. From
figure 19 it is seen that the pressure falls very sharply

as a function of the clearance. In view of this fact 1t

is clear that the mean value of the clearance must be deter-
mined with considerable accuracy. The required accuracy

was obtained by measuring the clearance with a special
measuring apparatus at 8 to 10 places of the casing.

Finally, we wish to point out that the dynamic pres-
sure head of the fan was computed for all operating con-
ditions from the mean velocity of flow at the fan outlet
Cap = Q/P. The effect of the expected axial velocity dis-

tribution on the value of the dynamic pressure head of the
fan was not taken into account since there was no opportunity
to conduct tests on the velocity field behind the. fan.

4, General Observations on the Agreement between
the Computed and Test Results

On figures 39 to 65% comparison curves are given of
the computed and test characteristics of all the fans con-
sidered.** ©TFor each of 'these fans there are also given
curves of axial velocity distribution for various operating
conditions and the cdmplete test characteristics with the
test points, The importance of taking into account the
.aXxial velocity distribution is seen in figure 66 which
glves the characteristics of fan 2 drawn to take into
account the axial distribution and the characteristics
drawn on the assumption of constant axial velocity.

We shall first consider, from a general point of view,
the agreement of the pressure and power curves and then
proceed to the question of the agreement of the computed
with test results on rotating the blades about their axes
or removing some of the blades. We shall make only one
preliminary remark with regard to the limits of the com-—
puted interval, which as is seen from the comparison curves,
is not very large. In the range of large volume discharges
the computed characteristic extends beyond the limits of the
test characteristic. This is explained by the fact that in
this range the test characteristic is discontinued where the
static fan pressure becomes zero (see figs. 41, 44, etc.):
whereas the computed characteristic is drawn also for

*All curves were drawn for normal conditions, that is referred
to Yaip = 1.2 kg/m®, 760 mm Hg, 20° C and 50 percent humidity.
**In the value of the computed power no account was taken of
the power expended by the rotation of the fan hub since this
power 1s very small as seen in table II.
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negative static pressures since we may assumce small values
for the rotational flow velocity ¢y for which the corre-
sponding total pressure and power arc near zero, The limit
of the computed characteristic in the region of small volume
discharge is determined by the start of flow separation
(cavitation) from the blade. The impossibility of computing
the characteristic when separation occurs is due to the fact
that on account of tae discoatinuation of any further in-
crcasce in the pressurc at the blade elements it is not pos-
sible to obtain the pressure distribution required by the
law recy = constant,

From on examination of thc computed and tast character-
istics the following genersl conclusion may be drawn, The
agreemcnt between the chargcteristics for the fans with
small relative circuletions may be considered as fully sat-
isfactory es regards the pressurces; the agreement of the
power curves is somewaht less favorable. With regard to the
trend of the latter curves the following fact may be pointed
out. It is¢ known that the powasr of an axial fan may be con-
sidecred approximately constant. In this connection a point
of view has been widely hzld that the deflection in the power
curve appcaring in the test characteristics is explained by
the inaccuracy of thce experimant. Our computed power curveas
show that this is not so and that the deflection in the
power curve coxnforms with the focts.

On figures 66 and 67 ~re given the characteristics of
the fan with rotatable blndes for three differcent blade
angles., It 1s seen from the curves that the computed charac-
teristics agree sufficiently well with thc test characteristics
for this case,* This confirms the fact that there is no fun-
damental difference in the performance of axial fans when
operating at different blade angles, & more detailed exemin-
ation of the comparison curves shows

1. That the deviation between thz comuputed and test
characteristics increases somewhat with increase in volume
discharge

2« That the drop in the fan characteristics occurs
somewnat earlier than is expected from the computation.

The explanation of the first fact is that no account was
taken of the change in the dynamic pressure resulting from
the redistribution of the axial velocities, The second fact,

¥There is again observed an entirely satisfactory agreement
in the pressure curves and a somewhat less favorabls agrecmont
in the power curves.
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as far as may be judged, 1s due to the interference effect

and the conditions of operation of the cascade in a rotational
flow. We have already pointed out that this effect is =not
taken into account either in the usual computation of the
axial fan or in our method. The question of taking this
effect into account is closely associated with the possibility
of applying the fundamental aerodynamic profile characteristics
as obtained for the isolated wing to the computation of the
axial fan., It is clear that the application of the character-
istics without introducing any correction coefficients to the
computation of a cascade will result in a divergence between
the computed and test results. In other words it may be
foreseen that the asrodynamic characteristics of an airfoil
operating as a fan blade differs from the characteristics of
the airfoil as an isolated wing. Consideration of the com-
parison curves gives a basils for the supposition that this
difference increases as the rotation of the flow incresases,

To the smaller volume flows there correspond, in fact, larger
values of the rotational velocity ¢, and hence also of the
circulation, At the smaller discharges, near the deflection
in the fan characteristic as we have already pointed out,
there is observed a greater deviation between the computed

and test characteristics than in the remaining parts,

Figures 68 and 69 show computed and test characteristics
lllustrating the performance of the axial fan with some of its
blades removed. The twelve blade fan which was used as an
example in section IV was taken as a basis for the computation.
Besides the tests at the full number of blades tests were also
conducted for the case of the removal of six and nine blades,
that is, with six and three blades. A comparison of the com—-
puted and test curves clearly brings out the effect of blade
interference, Figure 70 shows computed and test curves of the
percent total pressure developed by one blade as a function of
the number of blades. The strong interference effect is clearly
brought out.

It is clear therefore that the introduction into the com~
putation of correction coefficients that take into account the
blade interference effect is absolutely necessary. A detailed
consideration of the problem of blade interference exceeds,
however, the limits of our present investigation and the theory
at present is far from perfected. In section 6 we shall, very
briefly, present one of the methods of taking this factor into
account,
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5., Construction of Prelimingry Characteristics

We have already pointed out that in a number of
engineering computations, for example, in sslecting a fan
or making a first rough approximation of its performance,
it 1s desirable to know not only its rated performance bdut
also, a3t least roughly, the general shape of its character-
istics. )

Let us note the most important points that ﬁetermine
the shape of the preliminary characteristic. These, in
addition to the point of computed performance, are

1, The point of maximum pressure corresponding to
zero discharge

2« Tne point at which there is a straight drop in
the characteristic with no further rise in pressure

3. The point at which there is again =2 rise in
pressure, It is evidently =2lso necessary to know the slope
of the characteristic at the point where it may be considered
a straight line. As regards the first of the above-mentioned
points statistical computations on the basis of test data show
that the maximum pressure may be considered approximately twice
the reted pressure. The second point at which there is a
straight drop in the fan cheoracteristic, may be found from the
blade tip element in the same manner as in constructing the
fully computed characteristic. The differsnce bveing that in
constructing the latter we correct the value of the discharge
at whicth there is no further increase in the pressure; whereas,
in the case of the preliminary characteristic the value of the
discharge at which there is a straight drop in the pressure is
detcrmined by the slope of the characteristic, about which more
will be said later.

Setting down the formulas

— ) Cu
n.— fpr P Cy( B ~ -
. Q N '
. Cua ) . .
< w - )

P ;
a cos B 21T

H = Xy, cas



NACA Technical Memorandum No., 1042 65

and choosing values of ¢y and B at the maximum value of
K, wuntil the values of ¥ become equal we ‘find the required
value of H,. Since for preliminary computations it is ad-
vantageous to underestimate the value of the pressure we
recommend introducing in the formula a correction coefficient
Ky that takes into account the blade interfeérence effect.*
a cas
This coefficient is a factor by which it is-necessary to
multiply the pressure coefficient X, for the isolated
blade in order to obtain the value of the pressure coeffi~
cient for a given cascade and valus of flow rotation. The
coefficient may be selected with the aid of figure 74, To
obtain the third of the above-mentioned points; namely, the
point at which the pressure again starts to rise, is a little
more difficult. An examination of the experimental data at
our disposal shows that the value 6f the pressure for this
point is equal to or somewhat exceeds (by 10 to 20 percent)
the value of the pressure for the point of start of straight
pressure drope. We are unable, at the present time, to give
an accurate. criterion as to when the pressurce curve is hori-
zontal and when it rises somewhat in the interval under con~-
sideration. For this reason ths preliminary characteristic
at the deflection region may dbe taken arbitrarily within the
limits considered.

A consideration of the cexperimental data shows further-
more that the part of the characteristic from point 3 to
the point of maximum pressure may be considered parallel to
the portion of the characteristic on which the point of rated
performance lies, The determination of the slope of this
part will be considered. Taking this into account we give
the following simple method of determining the end points of
the deflection interval of the preliminary characteristic
(fig. 72). Through the point of zero discharge we draw a
line of the same slope as the initial port of the curve. We
mark on this curve =2 the value of the pressure 20 percenyt
higher than the value of the pressure found for the point 2.
The point thus found determines the second boundary of this
interval of the fan characteristic.

We consider, finally, how to determine the slope of
the preliminary characteristic at the portion where it may
be considered straight. The slope is known if we have the
value of the maximum discharge or more accurately, the disw
charge for zero .total pressure., This discharge may be deter-

*For the methoad by which this'coefficiént i1s obtained see
sec, 6.
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-mined from the curve shown in figure 73*where the ratio
wc/(qmax - ﬁc) is laid off asea function of the circulation.

A1l the magnitudes entering this ratio arc nondimensional:
© = H/pu® and Qg ,x ond Q, are the discharges obtained by
dividing the actual discharges Qpax and Q, by ﬂRzuk- It

is readily seen that the ratio c/(Qan - Qc) actually gives
the inclination of the nondimensional characteristic to the
volunc axis,

We now resume the order of the steps in constructing
the characteristicss There is first laid off the rated
point, Then from the relative computed circulation
there is determined the value of the ratio wc/Qmax - Qe

from figure 73; we find from the known ®, and Qc,

Umax
plot the point of maximum discharge and draw straight line
connecting with the rated point. The straight line is
proloenged a certain distance beyond the rated point in order

to find point 2. We find by the method given above the value
of the pressure at point 3 and mark this poiant on the straight
line. We 'mark the point of pressure at zero "discharge and then
by the above method we draw the deflecticon interval in the fan
characteristic and prolong the latter until it meets the @
axis.

Faving plotted the total pressure characteristic, we
obtain in the case where it is regquired the curve of static
pressures by deducting the dynamic pressure. The latter,
as is known, may bYe determined by the formula

2
. _ ca~nm
den = p = (117)
5 .
where the veloclty cg = Qsec/F is egqual to the given

discharge divided by %the swépt area.

We shall now make some obgervations with regard to the
shape of the power curve. In constructines the preliminary
characterigfic 1t is convenlent to take the ratved computed
prower as unity. Then

1. At the p01nt at wnlch the static pressure is .zero
the power N = 0,8.N, - O. 95 W, '

¥mhe curve given on this figure was constructed on the basis
9f an analysis of the test characteristic slopes of five fans.
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2., At the point corresponding to half the rated
discharge the power attain’s a value equal to 0,85 Ng -
0.95 Np- ' :

3. ¥Finally at the point of zero discharge the power
is somewhat larger than the rated.being of the order 1,15 N -

1.30 N,

We may note that large fluctations in the power corre-
spond evidently to high pressure fans.

The pressure and power curves determine the efficiency
curve, We remark only that the efficiency curve is generally
level without any deflections.

We conclude our remarks on the construction of the pre-
liminary characteristics and proceed to the problem of
mutual blade interference, Again we point out that the pre-
liminary characteristic can be used only for very approximate
orienting computations. The error in using these character-
istics may, in certain cases, amount to 20 to 30 percent so
that the regularly computed clhiaracteristics must be used
where greater accuracy is reguired.

6. Blade Interfercnce Effect

We have pointed out that the aerodynamic characteristics
of an airfoil operating as a fan blade clement differs from
the characteristics of the same airfoil when operating as an
isolated airfoil. The problem thus arises of determining the
airfoil characteristics from the fan characteristics. If it
were possible to do this, then by computing the other fans by
the new characteristics we would obtain considerably dbetter
agreement with experiment.

The problem of obtaining the profile characteristics from
the fan characteristics may be approached in the following
manner, We divide, as previously, the fan into a number of
elements. It is possible to determine the aerodynamic charac-
teristics of the profile section for such an element if we know
the pressure developed by the element and the power required.
The fundamental difficulty in finding these magnitudes is that
we do not know the axial velocity distribution along the radius
and hence :also the magnitude and direction of the relative
velocity without which the power and pressure cannot be found,
This fundamental difficulty may, however, be resolved in the
following manner. It may be assumed that the character of the
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axlal velocity distribution will actually be the same for
the corresponding values of the rotational velocity cq

as in constructing the computed characteristics. Thus the
actual distribution of the axial velocities at various
operating conditions may be found if the corresponding

- value of ¢y is known. Since we assume that the law

rc, = constant holds true also in these computations the
value of ¢ may be found from the experimental power with
..the aid of the relation

N =p Qcyu (118)
whence
cu = N ! (119)
p Qu :
or
75 x 3600 x
Cy = N (120)

p Qhr u

where N is in horsepower and Uy In cubic meters p-or
hour,

From the discharge -Q corresponding to a given ¢y
the mearn axial wvelocity may be determined

c = % (121)

Assuming that the mean velocity c¢, will actually be
for a certain mean fan radius rp; as in the computed curve
of axial velocity distribution we may find the value of the
axial velocity at other radiil, assuming, as we have already
pointed out, that the relation betwesn the axial velocities
at the given radius .and at the mean radius is the same as
for the computed characteristic at a given cy.

Thus before proceeding to determine the individual
points of the profile characteristics we construct oa the

—
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basis of the above considerations the curve of axial velocity
distribution. With the axial velocity known and taking into
account the law rc, = constant and the value of the rotational
velocity ¢y for any element the angle B of an element is
determined and since the blade angle is known the angle of
attack can also be found.,

The pressure head H which for the given operating cone-
ditions can be determined from the test characteristics gives
also, as we have aready seen, the pressure of the blade tip
element, The pressure for the other elements may be found
from the relation

4

2
= __.Ecu Cu
Heoa Htip el TP 5 ~ P

(122)

-
<

on the basis of considerations analogous to those previously
adduced in constructing the curve of pressure along the fan
blade.

If the pressure is known, the relation

(-3
2 .
H=X_op bi (123)
cos?® B 2nr

enables us to obtain K,,» that is, we thus obtain a point of

the required profile characteristic from the fan character~
istics.

In a similar manner there may be obtained from the fan
characteristics the value of the coefiicient Koo It is,

here, necessary to remember that if the swept area is divided
into ring elements of equal area unequal air volumes flow
through these areas on account of the inequality of the axial
velocities, ©For this reason the power expended in rotating
these elements will not be the same but is distributed in
proportion to the volume flow. Since the latter may be

found for each ring from the curve of axial velocity distrib-
ution there is no difficulty in determiningthe power expended
by each element.
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Knowing the power No3 required by each element the
formula .

a
(- =)
Nyp = %y P g bAT R (124)

enables us to find the value of Ko

The ratios X and X define

achar/Kaprof uchar/Kuprof

correction coefficients by which it is necessary to multiply
the values K, and X,; taken from the characteristics of the
isolrted airfoll in order to obtain the values of the corre-
sponding coefficients for the blades of the cascade.

We have already pointed out that the aerodynamic charac-—
teristics of the airfoil operating as a blade element, the
coefficients X, and Ky depend on two factorsy namely, on
the blades spacing and the degree of rotation of the flow
through the cascade, The blade spacing is defined by the
ratio of the blade width at a given element to the distance

between the bladecs: -
b bi
Y= = 125
atmTr 21mr ( )
i

The degrse cf flow rotation is naturally characterized
by the relative circulation

T = iR

2uy

Figure 74 shows the curves of correction coefficient X, .,
~a

to the pressure coefficients which'were“6bteined from the



YACA Technical Memorandum No. 1042 71

preliminary computations for two fans., W '
fﬁ%s&kle—f@r*%heﬂe*@&e44m4aa#¥_@emputailsns—ior o fan
We considered it possible for these preliminmary computations

to assume these correction coefficlents ?independent of the
angle B and angle of attack. It is evident that this is
possible only as a first approximation as is also indicated
by the considerable scatter of the points, The thin con-
tinuous curves on the figure were obtained by interpolation
between the round values of TI'.

It should be noted that the results obtalined require
considerably greater accuracy. We consider, however, that
introduction of these correction coefficients into the
computation approaches more nearly the true conditions .than
taking account of the interference effect by computing the
fan for a higher pressure.

On figure 75 are shown our preliminary results with
regard to the effect of the cascade spacing and degree of
flow rotation on the profile efficiency. This effect, as
shown by the curve, is very small.

The correction coefficient is introduced into

Ky
acas
the formula for the determination of the blade width b,
Since, however, the coefficient depends on an initially un-
known value of b it i1s necessary to have recourse to the
method of successive approximations. For speeding the work

it is recommended to assume outright a value of Kka
cas

at a somewhat higher value of b +than given by the approxi-
matlion.

CONCLUSION

Although the method developed by us for thne computation
of an axial fan is approximete it nevertheless provides re-
sults of definite practical value. The method permits con-—
structing the computed characteristics for the operating blade
angle and number of blades as wellas the different blade angle
and with some blades removed, The volume of air delivered by
the fan is determined from the characteristics with an accuracy
sufficient for nearly all fans. The only exceptions are fans
with relatively large circulation, In this case too, however,
the method can b2 made more accurate by making use of the

correction coefficient Kkacas discussed in section VI,
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section VI, 6. The use of this coefficient for drawing the
computed characteristics only slightly complicates these
computations. - Since the magnitude Dbi/2mnr is already

computed it is merely necessary to add three additional
columns for F,_ Kkg cos aBd . kpprof 1in the computation

shoety MThe rest of the computation procedure remains the
same.

We consider briefly, in concluding, three problems
whose solution is of immediate practical importance in
the =erodynamic computation of an axial fan. These are,
first of all, the problem of the blade interference effect
and the closely associated probilem of the effect of the
dezree of rotation of the flow. DBoth of these problems
should be solved by the two complementary methods; namely,
by analysis of the performance Jf the fan by the blade
element theory and by direct experimental investigation of
the performance of the blade cascade in a flow with rotation.
The latter method is rendered difficult by the necessity of
constracting special complicatced apparatus. As regards the
first, further success Is possible only with a further per-
fecting of the theory.

One of the fundamental problems awaiting solution is
that of constructing the comouted fan characteristics for
operation of the fan under various entry conditions. All
the conclusions of our present paper refer to a fan provided
witlhh a smooth collector assuring axial eatry of the flow
as required by the theoreticzl considerations. Preliminary
investigations conducted by CAHI show that the effect of the
entry conditions is very marked. There is a sharp -drop in
the efficiency on account of the fall in preszure head al-—-
though there is a relatively small chang2 i2 volume flow
(of the ordsr of 5 to 10 percent).

Further investigations are also regquired on the problem
of the effect of the clearance., The correction coefficient,
with the aid of wiaieh we took account of ths effect of
clearance, is a mean value obtained on the basis of a large
number of tests. The scatter of the curves shown in figure
18, from which t:1ls mean value was obtained, is relatively
large, hovwever, and for clearances of ‘1 to 2 percent attains
the values of 5 to 7 percent. In connection with this it may
be stated that a more detailed study of the effect of clear-
“ance as a2 function of a number of factors, primarily, the
circulation about the blades, would considerably reduce the
possible error in the construetion of the computed character—
istics. What was 8saild refers especially to the value of the
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computed power since in the value of the latter we intro-
duced no corrcection coefficients that take the clearance
into account. Tests have shown, however, particularly for
high—-pressure fans, that the power does not remain cone~
stant but drops with increase in the clearance.

In the present paper the method of coanstructing the
computed characteristics is given only for a small range
of the latter representing operation of the plade elements
at normal angles of attack. The development of a computation
method for operating conditions outside this range is of
great theoretical as well as practical value, An understand-
ing of the mechanism of the fan performance for these con~
ditions will make it possible to find new ways for improving
the performance of the fan as a whole and permit solving the
nroblem of the relation between axial and centrifugal fans
and the possibillity of passing continuously from the first
type to the second. The latter possibility promises very
important practical applications. The above~-mentioned
theoretical and applied investigations should be confirmed
by ilavestigations of the flow structure, primarily, by sur-
veying the velocity and pressure field ahead of and behind
the fan., Further iavestigatioas along the lines mentioned
will be uvndertaixen by CAHI.

Translation by S. Reiss,
National Advisory Committce
for Aeronautics.

APPENDIX

The appendix gives the original ~crodrn-amic airfoil
characteristices (Cx and C, curves for iafinitc span) the
curves of the pressure anﬁ porar coefficlicents, the fan
blade cfficicncy X,/K,, airfoil officiency for the three
fundamental fnn airfoils:

l. BEnglish propcller socction with varisus modifications,
differing in the rzlativz thickness

2e Mctal fan blade 1

3e Symmetric profilc section,
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Tt PABLEY
D .w.;u , Tip element
Fan DM dyy 't , I i ) b s
1 0.6 0.18 | 0.3 60 | 3 | 16° 38 | 0.1
2 .7 .35 5 70 | 8 | 1u4%30! 92 .1
3 .66 . 364 <55 52 g8 | 19%20! 45 .09
4 595 225 | W2 go.| 8 |20° 49 .08
5 . o3 .5 105 | 12 | 21° 71 .09
Computed Test
| ol -
' — CUR
Fan|n rpm| wuw | Q m:"/hr q th M ngmgpl@ = pu2§P= ey D= e
1 | 1785|56 7,400 7.8/0.330.71 {7100 0.0203%| 0.,01% | 0.0224
2 | 145053 el B D e Tl I B
3 | 1200(41 .4 SRSV ISR TSI VN, S B — JONUENGNOR (U
L | 1800(56 10,300 31 |{1.6%0,725[3100 0.0808{ 0,046 |} 0.0729
5 | 1200|37.7 5,610(30.8} % .81 H6oo 77 121 ,1163
TABLE II
Fan dyub Dyub n rpm Re By Nhub hp
(mm) (mm)
1 180 60 1785 209.105 | 105.10 ° | 0.00365
2 350 70 1450 64, 10° 29,10™° 0063
364 52 1200 577.10° 30,1076 .00719
4 250 g0 | 11800 408.10° 41,107 ° .00734
Re = s (1092)
° = Tg.107e Ja
Lo ‘ 9D
Npp'= By p ©°a° <1 4 222 Dhuad b ) (109)

P
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Division [ _ Fon computetion with end of
Object
CAHI ) pressure coefficient K,
Model | Centerof .Area
scole orea
n=2800rpm; Q=13100 m*hr; H=168 mmH,0. D=0.6m; £=0.5;, 5 =1%:
R=03mrg =0.175m, Fy = 0,212 m*
Impeller | " yn ! 1 Cy ¢ o
S 4 u
b u Ca c —H | u— 2 e
fo. ring | a . ¥ 2 . 2 | u— —;—-
Tepelement] 300 |.0,08 87,8 17,15 5,11 |+ 21,3 10,65 77,15 0,222
1 0,285 0,1 83,6 17,15 4,87 22,4 11,2 72,4, 0,237
nmo|oo,24 |02 75 | 17,15 | 434 | 25,2 | 12,6 | 61,9 | 0,278
i 0,218 0,14 64 17,15 3,73 29,4 18,7 49,3 0,36
¥ 0,176 | 0,16 | 51,7 17,16 | 3,01 36,4 18,2 33,5 0,512

Hypp =HE ¢ =168.1,13 =189,6 »% 1,0  (7])
Kc, 1—:1,13 ('F|q 18)

r eRr, (Rg W
5 isassumed
nn
y=ro=r 35-(74)
.« = Yhr
¢~ 3600 F
a4/ 5H 5. 189.5
=, — 2 ""P.— — e L —
ey g= Uz VuB = 87,8 V878 iz =20 (8)
To compote Cu_ Clhoesre ‘rlpl_“ mox from fiq. 82 tor 8’ dedermined by
, 17,0 _ LA — 190
tg B u_—"'" = g1.8-10 = 02 p = 1224

2

2H V 2 . 189,5
= —_ Bt S — —— e —
tup =Yg V"z" P = 87,8 87,8t 0,123 0,9 21,3 (717)
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Mad:'
Prodect No.
Corrections '
%J - — 193
P ——mm Before After it Apparatus
t——— °C . R
Humid:éy —_— A,
A= —
B Cos 8 | Moy « e K, b ’
|
!
- 12°2b6¢ 0,076 0,925 7°30 19°6h* 0,52 ¢,0736
13}’20’ 0,973 0,926 8¢ 21°20” 0,56 0,0721 :
1'5"29' 0,964 0,936 9o 24°29 0,64 0,0734
19°11° 0,944 0,935 10° 29°11° 0,685 0,0826
27_"07' 0,89 0,935 11° 38°07” 0,68 0,109

‘“R
7
An?lt B faend frem relation

.
(80)

€q
Cy
U — —
2

a Assumed (inrange of M prof DLAr mazimvm) 6=ca+B(82)

39 ﬁ‘ = (75)

i— Assumed

; 2
= 2% ¢y cos2 B (85)

K.( u—ﬂz‘—) ;
PQ cu¥% 90,1223 . 13100 . 21,3. 87,8
75. 3600 76 - 3600

Q@ H 13100 - 168
76. 3600N . 270000. 11,1

N = =11,1 1 ¢

=0,73

n =
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Division I Oblect
CAHI
ObJect: Obtain computed characteristics "ggg{;' C%’;Z%‘” of | Area
of fan no 4.
= (0,595 =02975 =8
D R } F’nqs. 31% 32
b,,=025 rp=0125 F,=0228
Reque ] _ 0 - i L‘.,- Co H by
no. r 3 ¥ Oy roF | —o— | ¥—5" B
1 0,2975 | 0,08 | 19°46’ | 56 3 0,927 1,b 54,6 18,55 | 18°15°
11 0,2975 | 0,08 | 19°45" | 56 ) 0,935 2,0 ba 24,7 | 16°4%”
11 0,2975 | 0,08 | 19°46’ | 56 5 0,940 2,6 63,5 30,8 | 14°45°
Vi 0,2975 | 0,08 | 19°45" | b6 6 0,930 3,0 53 36,2 | 12°15’
R‘:J;m‘ r 3 e u ¢ Tprof | __c; u—% H B
1 0,262 | 0,09 | 21° 47,5 3,64 | 0,92 1,77 | 45,73 ;| 18,26 | 20°
1I 0,252 | 0,09 | 21° 47,5 4,72 | 0,942 2,36 | 45,14 | 24,6 | 18°10°
11 0,252 | 0,09 [ 21° 47,5 5,9 0,911 2,95 | 44,65 30,3 | 16°30*
Iv 0,252 0,09 §21° 47,5 71 0,92 3,66 { 43,95 | 35,8 | 14°4%
Regime ’ a— o u Cu Mprot % |, %! @ 8
ne ] 2 2
i
1 0,164 | 0,12 | 30° 30,9 5,44 | 0,963 I 2,721 28,18 | 17,4 | 30°15’
I 0,164 ; 0,12 | 30° 30,9 7,26 | 0,967 3,621 27,281 23,6 | 28°
11 0,164 ! 0,12 | 30° 30,9 9,07 | 0,969 A,51 1 26,36 | 28,3 | 2b6°45°
Iv 0,164 | 0,12 | 30° 30,9 | 10,9 0,961 6,46 | 25,45 | 32,4 | 22°46
T, E-, -8, b—¢ token from eharts (Fiq 21)
= D 5 . _ __ci
W= (cp. ¢ 74 ca—(_u 3 tgB(97)
Cug — assumed }'I——_-WNP c" (“ - _21 (93)
cup B
ou, = 22— (80)
o ‘ u—x ! bi
'nPro(-— fromcharis for Englivh fan pro'Filcs,' HE —Eap 23 Tmr (94)‘
A\ coB
f=08—«a (95)
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Model
Project No
Corrections — 193 —
P mm Before | After Agpporatus
$° °C '
HunlJl\‘y % —|
A= S
- 1
— )
Cy Cy ] .
« Kg cos 3 (u— T) ( “ 2 ) b qbl' Hg, tg B Cq
dner
cos cos B
1°30° { 0,22 0,95 57,4 3290 '0.0495 0.212 18,75 0,329 17.,9
3°00’ | 0,292 0,957 56,5 3190 0,0495 | 0,212 24,2 0.30 16,2
5°00” | 0,397 | 70,97 b5 3030 0,0495 | 0,212 31,2 0,263 14,1
6°30° | 0,47 0,977 54,2 2940 0,0495 | 0,212 35,8 0,217 11,5
Cu . fw)\? .
« Ka cosﬁ(“ T)(“ z) b _2’"_ * Hy, tg B Ca
cos B cos Gl
190’ 0,214 | 0,393 48,7 2370 0,0595 0,361 18,7 0,363 16,6
2°50° | 0,292 | 0,95 47,6 2260 0,0595 | 0,301 24,3 0,327 14,8
4230’ | 0,382 | 0,958 46,6 2170 0,0595 | 0,301 30,6 0,296 13,2
6°15° | 0,462 | 0,967 45,4 2060 0,0595 | 0,301 35,6 0,263 11,62
Cu cy\? .
a K, cos B (u—-—2—>( u——2—> b ;" Hy, tg B &
cos B l ws B nr
0°15" } 0,205 | 0,862 32,6 1060 0,086 | 0,666 17,7 0,583 16,4
2°007 ¢ 0,306 { 0,882 30,9 960 0,086 | 0,666 23,9 0,531 14 b
4°16* | 0,41 0,900 29,25 855 0,086 | 0,666 28,6 0,482 129
7°16 0,562 0,922 27,6 762 0,086 | -0,666 32,2 0,419 10,69
a — agssumed |

R—r, ,=172,6 sx

K¢ —= from Curves

S =2,0 u8
S. 100
8=
B—ryp
n

=1,16% (71)

F=1,16% =~ Hgy- 0,89 (Fa18)
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}
Division T ObJect
Carl
Model Center of | Area
Object. Obtain computed choracteristics scale area
of fan no 4
Computation of discharge, pressure, power and efficiency.
i
. ; |
Points Regime r . Ca F aF Regime I. Cq l
nos. Ne- Fiq E§ s No ' l Fig 55
| N .
1 0,140 10,2 0,0286 0,292 Il 0,140 12,2
2 I 0,170 10,7 0,0286 0,306 11 . 0,170 12,6
3 1 0,195 11,0 0,0286 0,315 I 0,195 12,8
A 1 0,217 11,2 0,0286 0,32 11 0,217 12,9
5 I 0,238 11,3 | 0,0286 0,323 1 0,238 13,1
6 I 0,256 11,4 | 6,086 ' 0,32 | p1 0,256 13,3
7 I 0,276 11,6 0,0286 0,529 11 0,276 13,6
8 I 0,290 11,5 0,0286 0,329 11 0,290 14
. 2,64
i
Points Regime T ¢ Regime
nos, fie ! Fig ¢55 F CaF a0
1 v 0,140 16,39 0,0286 0,469 I
2 1v 0,170 16,4 0,0286 0,47 1
A v 0,195 16,4 0,02:6 0,47 i
& iv 0,217 16,4 0,0286 0,47 v
) v 0,238 16,5 0,0286 0,471
6 1V 0,266 16,7 0,0286 0,477
7 v 0,276 17,2 0,0286 0,492
8 v 0,290 17,6 0,0286 0,504
3,823
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T
Meode|
ProJect No
Corrections
P mm on . E— 193 — &I.
Before After Apparatus
e °C
Hum:dr{y o/a
1
b= |
) 1
F e Regme r F fa ‘ &
no Fig 55 )
0,0286 0,349 111 0,140 0,0286 14,37 0,410
0,0286 | 6,360 1491 0,170, 0,0286 14,5 0,416
0,0286 | 0,366 48| 0,195 0,0286 14,5 0,415
0,0286 0,369 m 0,217 0,0286 14,6 0,415
0,0286 | 0,375 1)1 0,238 0,0286 14,7 0,42
0,0286 | 0,38 11 0,256 0,0286 14,9 0,426
0,0286 | 0,39 I 0,276 0,0286 15,4 0,44
0,0286 0,4 ] 0,290 0,0286 16,0 0,458
2,989 3,399
M/ see M3 [hr u Cu N H H, = 1,16% K
2,04 9150 b6 6 1,39 36,2 31,8 0,775
2,989 10760 b6 b 1,36 30,8 27,1 0,792
3,399 12220 656 i 1,236 24,7 21,8 0,802
3,823 13760 56 3 1,07 18,565 16,35 0,780
P Qs Uiy QnrH7_1 450 ’ R
N=1F%_"" (89 = 2T "8=1,16% = 104
o ) 1= N TRi0u00 ] 9 'iﬁ ring 101y
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Division T Object
CAth)
Model Center of Area
. \
Object: Computation of characteristics scale area
of fan no 5b,
D=0.6 R=203
- Tigs 33834
h=0.3 b= 0.15 I, =02i2
Reqime —
Ne r ° e u Cu T‘Prof _62“_ “"“% H B
13 0,300 0,09 21° 31,17 5 0,925 2,5 35,2 19,9 12°20*
It 0,300 0,09 21° 37,7 4 0,946 2 36,7 16,565 | 15°307
1ii 0,300 | 0,09 | 21° | 37.7 3 | oe3t| 1,5 | 26,2 | 124 | 18°
v 0,300 0,09 21° 31,9 2 0,905 1 36,7 8,13 | 20°20'
Regime . 5 o “ c Nppof ) Cy H B
ne. v 7 YTy
I 0,234 0,13 217 29,2 6,4 0,946 | 3,2 26 19,35 | 17°30°
11 0,234 0,13 27 29,2 5,12 0,955 | 2,566 26,64 16 21°30”
i 0,234 | 0,13 271 | 29,2 | 3.85 | 0,937 | 1,93 | 27.27 | 12 25°
v 1,234 0,13 27 29,2 2,666 | 0,912 ] 1,28 27,92 8 27°30°
i |
PG‘{IMC el c 61‘
[ L 2
;Y T 8 % Cy MNerof o U—- H B
g 0,176 0.16 37°30° 22,1 8,52 | 0,96 4,26 | 17,84 17,8 29°30°
I! 0,176 0,16 37°30° 22,1 6,82 { 0.96 3,41 | 18,69 15 34°
114 0,176 0,16 37°30" 22,1 5,12 | 0,94 2 56 | 19,54 11,5 37°
1Y 0,176 0,16 37°30 2241 3,41 | 0,885 1,71 | 20,39 7,5 A0°

7, a—:e, b — Token frem Curves Fig 38

=Dn
=780
Cup = gssumed
Cup + B
ey = —B . (30)
r

Mpreg = From curyes tor Enalish fan prefiles

=6 —a (95

= qwven, Ky;= fromcurves




2
)t
Hxa=EaP ( ‘ bi

cos2 3 2nr  (94)
Ry 57 =150 ux

s =

a0y =Hg, + 0,81
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Medel
Project No
‘ LCorrections o 193
P mMm Before After Apparatys
t° °C
Hunudﬁy ‘y,
A= S
."u ’ cu\? f
% —— % — bi
a K, cos f 2 ( 2 ) b Hy tgp cq
—_— ——— 2y a
cos 8 cos B
8°40° 0,657 0,977 3b.9 1290 0,07 0,2265 19,9 0,218 7,67
5°307 0,429 0,963 37,1 1375 0,071 0,2265 16,4 0,277 9,9
3°00° | 0,307 | 0,951 38 1445 | 0,071 | 0,2266 | 12,2 | 0,324 ( 11,72
0°40” 0,193 0,937 39,1 1530 0,07 0,2265 8,19 0,37 13,6
—Cu oy \? ;
a K, cos f h 2 ( - 2) b 2’” Hy tg B ca
. — nr a
cos f cos f
99307 0,663 0,954 27,3 745 0,078 0,31856 19,3 0,315 8,9
5°30’ 0,505 0,93 28,65 820 0,078 0,3185 16,1 0,353 | 10.b
2°00” 0,34 0,906 30,05 902 0,078 0,3185 12 0,468 | 12,7
0°30" 0,21 0,887 31,46 990 0,078 0,3185 8,1 0,62 14,46
2
—fu ew\" | .
a K, cosB | “T2 (“— 2) b 2b' Hy tg8 | ca
— —_— wT a
cos B cos B
8°00’ 0.59 0,87 20,5 421 0,107 0,b8 17,1 0.566 | 10,1
3°307 0,415 0,829 22,5 508 0,107 0,68 15 0,674 | 12,6
6°30° 0,27 0,798 24,5 600 0,107 0,b8 11,7 0,753 | 14,7
—2°30° 0,15 0,766 26,6 705 0,107 0;b8 7,6 0,839 { 17,09
Cy : §=3 MK
eg={ u———)igh (79 -
2 - s - 100 o
¢ s$= 7] =2% (711)
Bempon( w=)  09) =
ry H—~ qu 18

o
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Dision I Object
CAHI
Model Centerof| Area
' scale >,
Object: Obtain computed charateristice e aree
of farm no. 5b,
Computation of discharge, pressure and efficiency.
I
Paints | Regqime re Ca 7 e F Reqime rep ! Cq F ea F
nes no ring Fig 6l a no. ring lF"'] ol a
|
1 II 0,1635 12,9. 0,0265 0,342 11T 0,1635 15,3 0,0265 0,405
2 I 0,1875 12,1 0,0265 0,321 111 0,1875 14,2 Q,0265 0,376
3‘ II 0,209 11,4 0,0265 0,302 111 0,209 13,5 6,0265 0,358
4 II 0,227 10,9! 0,0265 0,289 I 0,227 12,9 0,0265 0,342
5 IT 0,245 10,4| 0,0265 0,276 11 0,245 12,5 0,0265 0,332 1
i i
6 II 0,263 10 0,0265 0,265 111 0,263 12,2 0,0265 0,324 ;
]
7 1 1 | 0,21 9.7| 0,0265 | 0,257 | 1 | 0,27 12 0,0265 | 0,318 |
8 II 0,293 9,61 0,026 0,252 111 0,293 11,8 0,0265 0,313 !
— —
2,304 2,768
i
1 ! . i
Regime l QmJ/scc [ Qm’/hr u Cy N H H?=2% n |
" ' !
| —— |
1 1,820 6 550 37,7 5 0,56 19,9 | 16,1 0,696
11 2,304 8 300 37,1 4 0,566 16,4 : 13,3 0,721 !
|
Il 2,768 9 960 37,1 3 0,511 12,3 % 9,15 | 0,718 '
1 '
1V 3,174 11 420 37,7 2 0,39, 8,19 i 6,64 | 0,72 i
I
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]
Mode |
Pralect No
Corrections ) "
P  mm Before After A pparatus _ 3
oo °C
Humidrly %
A= . i
Regime Reqime l
no. rey Ca F N A il bs ¥ ca F
ring Fiq ol ring Fiq 6/
1v 0,1635 17,1 0,0265 0,47 I 0,1635 10,5 0,0265 0,278
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Figure l.~ Blade elcmont.
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Figure 4.~ Circulation about blade
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Figure 10.- Curves of power coefficieants for English propeller section
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Figure 1ll.-~ Curves of ratio Ka/gu for English propeller section with
relative thickness 6 = QO.l.
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Figure 21.- Geomctric parameters of fan No. 4; © - blade angle, b -
bladc width; 6 ~ relative thic.mness.
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Figure 22.- Axial velocity distribution for fan Wo. 4.

B




Figs. 23,24
d
x
B N
g
10x1078 1.9
}
X
By ©
| l}\ -
(&)
21y B 3?3?{1— Ry
0 5 10x105

Re

Figure 23.- Curve of coofficient By, detprmining th

thc hub., against the
Reynolds number Re,

riction loss at

1.0

o5

=]

T

0] .1 o2

area rings.,

Figurc 24.- Auxiliary curves for dividing swept disk arc

a into equal




S

FACA Technical Memorandum No.1042 Pigs. 25,26

Figure 26.= Blade drawing of fan no. 1.
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FPigure 27.- Sketch of fan no. 2, 8 = 1.5 percent.
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Figure 28.- Blade drawing of fan no. 2.
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Figure 29.- Sketch of fan no. 3, 8 = 1 percent.
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Figure 30.- Blade drawing of fan no. 3a.
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FPlgure 32.- Blade drawing of fan no. 4.
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Figure 35,- Geometric parameters of fan no. 1. 8/n - blade angle,
b - blade width, & ~ blade thickness.
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Figs, 36,37,38
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Pigure 39,- Comparison of computed and test characteristics
of fan no. 1, § = 1.3 percent.
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Figure 40.- Axial velocity distribution of fen mno. 1.




NACA Technical Memorandum No. 1042

Figs. 41,42
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Figure 41.- Test characteristics of fan no. 1.
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Figure 42.~ Comparison of computed and test characteristics

of fan no. 2, § = 1,5 percent.
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Figure 43.- Axial velocity distribution for fan no. 2.
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Pigure 44.~ Test characteristics of fan no. 2.
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Figure 45.- Comparison of computed and test characteristics
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Figure 48.- Compariscn of computed and test charecteristics
of fan no. 3b, 6 = 160 59', § = 1 percent.
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Figure 49.- Axial velocity distribution for fan no. 3b.
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Figs. 50,51
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Figure 52.- Axial velocity distribution for fan no. 3c.
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Figure 53.- Test characteristics of fan no. 3c, 6 = 14° 05’
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of fan no. 4, 8 £ 1.16 percent.

test characteristics,-~----- computed characteristics.




NACA Technical Memorandum No. 1042 Pigs. 55,56

]
9
20
]V_
T A
.=
——
s S
pt"
T
L0
t
] 00 200 sy

Figure 55.-~ Axial velocity distribution of fan no. 4.
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Figure 56.~ Test characteristics of fan no., 4.
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Figure 57.- Comparison of computed and test characteristics
of fan no. 5a; 1 = 12, § = 2 percent.
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Figure 58.- Axial velocity distribution for fan no. Sa.
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Figs., 59,60
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Figure 59.-~ Test characteristics of fan no. 5.
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Figure 61,~ Axial velocity distribution of fan no. 5b.
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Pigure 62.~ Test characteristics of fan no. 5b, 1 = 6.
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Figure 65.- Test characteristics of fan no.5c.
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Figure 67.~ Comparison of computed and test characteristics
for rotation of blades of fan no, 3.
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propeller sections with various

relative thickness.

8LLL9L °891d

% =0.12,—--8 = 0.16




BN

TR

=

NACA Technical Memorandum No, 1042 Figs. 79,80
= Lot ]
\ g F
s
i 7 =
/ZZ‘ fe35°
04 Y744
Af//
g3 //;/
v
4
ai
i o 50 10° =<

Pigure 79.- Pressure coefficients for English
propeller section with relative
thickness § = 0.08.
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Figure 80,- Power coefficient curves for English

_ Propeller section with relative
thickness b = 0.08,
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Pigure 8l.- Curves of. Ka/Ky for English propeller section
with relative thickness 6 = 0.08.
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Figure 82.- Curves of profile efficiency for_English propeller
section with relative thickness & = 0.08.
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Figure 83.- Pressure coefficient curves for English propeller
section with relative thickness 6 = 0.0]1.
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Figure 84,- Power coefficient curves for English propeller
section with relative thickness 8 = 0.1.
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Figure 85.~ Curves of Kgq/Ky for English propeller section with
relative thickness 6 = 0.1.
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Figure 86.- Curves of profile efficiency for_English propeller
section with relative thickness § = 0.1.
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Figure 87.- Pressure coefficient curves for English propeller
section with relative thickmess 6 = 0,12,
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Figure 88.- Power coefficient curves for English propeller
section with relative thickness § = 0.12,
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Figure 89.- Curves of Ka/Ku for English propeller section
! with relative thickness & = 0.12.
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section with relative thickness 6 = 0,12,
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Figure 91,- Pressure coefficient curves for English
propeller section with relative
thickness § = 0.14.
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Figure 92.- Power coefficient curves for English propeller
section with relative thickness 8§ = 0.14.
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Figure 93.~ Curves of Ka/xu for English propeller section

with relative thickness 6 = 0.14,
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Pigure 94.- Curves of profile efficiency for English

propeller section with relative
thickness 8§ = o.14,
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Figure 95.- Pressure coefficient curves for English
propeller section with relative

thickness & = 0,16,
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Figure 96,~ Power coefficient curves for English

_ Propeller section with relative
thickness & = 0,16.
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with relative thickness & = 0.16.
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Figure 98,-~ Curves of profile efficiency for English
_ propeller section with relative
thickness & = 0.16.
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Pigure 99.- Construction of curved metal blade no. 1.
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Figure 10l.~ Drag ccefficient curve for curved
metal fan blade.
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Figure 102.~ Pressure coefficient curves for
curved metal fan blade no. 1.
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Figure 103.- Power coefficient curves for
curved metal fan blade no. 1.
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Figure 104.- Curves of Ku/Ky for metal blade no. 1.
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Fifure 105.- Curves of profile efficiency for
curved metal blade no, 1.
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Figure 107.- Lift coefficient curve for symmetric
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Figure 108.- Drag coefficient curve for symmetric
profile.
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Figure 109.- Pressure coefficient curves for

symmetric profile.
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Figure 110.- Power coefficient curves for

symmetric profile.
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Figure 11l.~ Curves or Kg/K,  for symmetric profile.
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Figure 112.- Curves of profile efficiency of

profile.
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